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pressure. 
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ture  gradient.  Materials  which  combine  high  transverse  coupling  and  low  tempera¬ 
ture  coefficient  of  resonant  frequency  have  been  fabricated  by  this  method. 

The  group  was  heavily  involved  over  the  summer  in  the  local  organization  of 
the  Fifth  International  Meeting  on  Ferroelectricity  IMF  5  which  was  held  at  Penn 
State  in  August. 
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presented  at  National  and  International  Meetings  during  the  year. 
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INTRODUCTION 


The  program  on  targeted  basic  studies  of  ferroelectric  and  ferroelastic 
crystals  for  piezoelectric  transducer  applications  is  now  in  its  fourth  year 
of  operation.  It  is  pleasing  to  note  that  several  of  the  original  topics  have 
now  matured  to  the  level  where  major  companies  are  beginning  to  take  up  develop¬ 
ment.  In  the  electrostriction  area,  the  lead  magnesium  niobate-lead  titanate 
relaxor  is  now  under  active  development  at  ITEK  optics  division  for  applications 
in  multi-position-mirrors  (MPMs).  A  new  joint  program  is  starting  with  Honey¬ 
well  Corporation  to  explore  multilayer  implanted  electrodes  for  power  trans¬ 
ducers.  For  the  composite  hydrophone  materials,  Materials  International  in 
Maine,  and  Honeywell  are  interested  in  developing  capability  for  large  area 
sensors. 

In  the  program  of  work,  major  achievements  during  the  last  year  have  been 

(1)  The  development  of  an  adequate  phenomenology  which  does  yield  a 
rotational ly  invariant  correct  description  of  stored  energy  in  an  electrostric- 
tive  solid. 

(2)  Further  evolution  of  a  full  microscopic  theory  for  the  temperature 
dependence  of  electrostriction  in  the  important  perovskite  structure. 

(3)  Development  of  a  new  processing  method  for  lead  magnesium  niobate 
which  eliminates  the  problem  of  unwanted  pyrochlore  phases. 

(4)  The  design  of  a  new  much  more  robust  piezoelectric  hydrophone  composite 
which  combines  very  high  sensitivity  with  freedom  from  pressure  dependence  to 
beyond  1,000  psi  pressure. 

(5)  Crystal  pulling  of  (Pb^_xBax)Nb20g  tungsten  bronze  crystal  at  compo¬ 
sitions  close  to  the  important  morphotropic  boundary. 

(6)  A  new  breakthrough  in  understanding  the  piezoelectric  origin  of  high 
frequency  dielectric  loss  in  LiNbO^  ceramics. 
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(7)  The  development  of  a  new  family  of  polar  glass  ceramics  which  are 
non- ferroelectric  and  combine  high  transverse  coupling  with  low  temperature 
coefficient  of  resonant  frequency. 

Work  on  the  program  was  significantly  aided  by  a  new  apprentice  training 
scheme  which  made  4  high  school  seniors  and  college  freshman  available  over 
the  Summer.  These  eager  youngsters  gave  the  graduate  students  excellent  experi¬ 
ence  in  organizing  their  work  to  exploit  the  ‘extra  hands.1 

The  group  was  heavily  involved  over  the  summer  in  the  organization  of  IMF-5 
the  Fifth  International  Meeting  on  Ferroelectricity  which  was  held  at  Penn  State 
in  August.  That  the  additional  work  on  this  project  did  not  detract  from  our 
ONR  contract  studies  is  attested  by  the  fact  that  based  on  contract  work  the 
group  published  more  that  40  papers  in  1980-81,  and  participated  with  7  invited 
papers  and  25  contributed  talks  at  National  and  International  meetings. 

In  view  of  the  very  large  published  output  in  this  year  of  the  program,  the 
annual  report  departs  from  previous  practice  of  providing  all  publications  in 
technical  appendices.  To  avoid  overloading  the  reader,  the  20  most  important 
papers  are  selected  and  presented  in  full,  the  write  up  in  the  text  of  the  report 
is  expanded  a  little  to  provide  the  rationale  for  each  approach  and  only  the 
references  and  abstracts  of  the  remaining  papers  included. 

It  may  be  noted  that  the  topic  of  pyroelectricity  has  been  added  to  the 
report.  This  work  was  carried  out  under  DARPA  order  no.  4195  and  coupled 
to  the  Navy  program  for  monitoring  purposes  so  as  to  consolidate  all  work  on  the 
composite  systems.  We  also  note  that  some  of  the  piezoelectric  work  on  polar 
glass  ceramics  was  partially  supported  by  the  Army  Research  Office  under  contract 
DAAG  29-80-C-0008. 

Publ ications 

The  following  papers  have  been  published. 
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and  International  Meetings 


MEETING 

LOCATION 

TIME 

INVITED 

CONTRIBUTED 

Joint  JapanrUSSR 

Meeting  on  Ferroelectrics 

Kyoto,  Japan 

Sept.  80 

1 

0 

Joint  US: India  Symp. 
on  Materials  Science 

Bangalore 

Feb.  81 

1 

0 

American  Cryst  Assn. 

Texas,  USA 

March  81 

0 

1 

American  Phys.  Soc. 

Spring  Meeting 

Arizona 

USA 

March  81 

0 

3 

Int.  Mtg.  Ferroelectrics 
IMF  5 

Penn  State 

USA 

Aug.  81 

1 

18 

Am.  Ceram.  Soc. 

Washington 

USA 

May  81 

4 

2 

I.E.E.E.  Ultrasonics 

Chicago,  USA 

Oct.  81 

0 

1 

TOTAL  Inv  =  7  Cont  =  25 


During  the  year  the  Navy  Patent  Office  in  Boston  provided  the  following 
summary  of  the  disposition  of  patents  established  as  a  consequence  of  work  on 
this  program. 

Table  2.  Navy  Patent  Position 


Navy  Case 
No. 

Inventor 

Subject 

Disposition 

63,430 

Cross,  L. 

.E. 

Flexible  Piezoelectric 

U.S.  Patent 

Newnham, 

Skinner, 

R.E. 

P. 

Composite  Transducer 

NJ  4,227,111 

64,667 

Schulze, 

W.  A. 

Lead  Germanate  Bonded  PZT 

Filed  6/2/80 

Biggers, 

J.V. 

Composite  Piezoelectrics 

Amendment  "A 
6/19/81 

64,470 

Bowen 

Schulze 

Biggers 

A  Hot  Isostatic  Pressure 
Process  for  Powder 

1/31/80 

8 


Table  2  (Continued) 


Navy  Case 
No. 

Inventor 

Subject 

Disposition 

64,996 

Schulze,  W.A. 
Biggers,  J.V. 
Bowen,  L.J. 

Internally  Electroded 
Ceramic  Piezoelectric 
Transformer 

Filed  -  4/16/81 

64,407 

Cross,  L.E. 
Uchino,  K. 

A  New  Type  of  Ultra¬ 
sensitive  AC  Capacitance 
Dilatometer 

Placed  in  pend, 
status  1/18/80 
Published  in  Nov. 

65,051 

Shrout,  T.R. 
Schulze,  W.A. 
Biggers,  J.V. 

Simplified  Fabrication 
of  PZT/Polymer  Composites 

Authorized  w/o 
search  8/7/80  - 
Filed  11/12/80 
Amendment  "A" 
8/28/81 

65,121 

Klicker,  K.A. 
Newnham,  R.E. 
Cross,  L.E. 
Biggers,  J.V. 

3-1  Phase  Connected  PZT- 
Polymer  Composites  for 
Transducer  Application 

Filed  4/26/81 

65,463 

Gururaja,  T.R. 
Cross,  L.E. 
Newnham,  R.E. 
Bowen,  L.J. 

Continuous  Poling  Tech¬ 
nique  for  Piezoelectric 
Fibers 

Authorized  - 

65,464 

Uchino,  K. 

Jang,  S.J. 

Cross,  L.E. 
Newnham,  R.E. 

Pressure  Gauge  Using 

Relaxor  Ferroelectrics 

Placed  in  Pend, 
status  - 
8/11/81 

65,465 

Klicker,  K.A. 
Newnham,  R.E. 
Cross,  L.E. 
Bowen,  L.J. 

Broadband  Bandwidth 
Composite  Transducer 

For  Resonance  Applications 

Evaluated 

8/81  (In 

We  are  pleased  to  report  that  S.  Venkataramani  was  awarded  the  degree  of 
Ph.D.  in  Solid  State  Science  for  his  work  on 

"Calcining  and  Its  Effects  on  Sintering  and  Properties  of  Lead  Zirconate 
Titanate  Ceramics" 

which  was  supported  on  contract  funds.  V.E.  McCallen  presented  a  BSc  thesis  on 
"Fabrication  of  SbSI  composites  for  Transducers"  and  M.  Granahan  a  BSc  thesis  on 
the  topic  "Grain  Oriented  Pbl^Og  Piezoceramics."  This  latter  was  chosen  for  the 


9 


Xerox  Award  as  one  of  the  best  BS  thesis  in  Materials  at  Penn  State  in  1981. 

It  is  also  gratifying  to  note  that  Tom  Shrout  much  of  whose  earlier  work 
was  on  topics  in  the  ONR  contract  was  also  a  Xerox  Award  winner  for  1981. 

ONR  apprentices  who  contributed  to  work  in  1981  were,  F.  Andrew  Dix,  Colleen 
Ottoson  and  Tim  Bachman.  We  shall  be  most  interested  to  follow  the  developing 
education  of  these  bright  young  people,  all  of  whom  responded  in  a  most  positive 
manner  to  their  time  in  MRL. 
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1.  ELECTROSTRICTIQN 
A.  Theory  of  Electrostriction 

1 .  Purpose  and  Scope 

The  objective  of  this  work  is  to  investigate  theoretically  the  magnitude 
and  temperature  variation  of  the  electrostriction  coefficients  of  ionic  crystals 
in  order  to  account  for,  and  ultimately  predict,  tendencies  in  the  effect  of 
crystal  structure  and  of  the  properties  of  the  constituent  ions. 

Work  during  the  previous  year  included  (a)  a  study  on  the  continuum  theore¬ 
tical  framework  necessary  for  a  consistent  definition  and  description  of  electro¬ 
striction  coefficients,  and  (b)  the  derivation  and  verification  of  phenomenological 
expressions  for  the  temperature  variation  of  electrostriction  coefficients  of 
ferroelectric  crystals  in  their  centrosymmetric  paraelectric  prototype.  A  major 
effort  was  devoted  to  the  microscopic  theory  of  electrostriction  in  perovskite 
oxides  and  dealt  both  with  the  effect  of  the  cohesive  forces  on  the  properties 
of  the  static  crystal  and  with  the  effect  of  anharmonic  phonon-phonon  interac¬ 
tions  on  the  temperature  variation  of  the  electrostriction  coefficients.  The 
results  are  summarized  below  under  their  respective  subject  headings. 

2.  Phenomenological  Theory 

2.1  Landau-Devonshire  Theory  with  Rotationally  Invariant  Expansion  Coeffi¬ 
cients.  General  expressions  pertaining  to  a  centrosymmetric  prototype  phase  are 
given  for  the  correction  terms  to  the  third  and  fourth  order  expansion  coeffi¬ 
cients  of  the  Landau-Devonshire  free  energy  with  respect  to  the  displacement 
gradient  and  the  polarization,  that  arise  as  a  consequence  of  the  rotational 
invariance  condition.  Application  to  crystals  of  0^  symmetry  shows  that  the 
correction  terms  may  be  numerically  significant  for  the  first  and  higher  order 
electrostriction  coefficients  and  for  the  third  and  higher  order  elastic  con¬ 


stants  . 
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2.2  Phenomenological  Theory  of  the  Temperature  Variation  of  Electrostriction 
of  Ferroelectrics  in  the  Paraelectric  Phase.  A  properly  constructed  static 
Landau-Devonshire  free  energy  function  implies  the  validity  of  the  Curie-Weiss 
law  for  a  homogeneously  strained  crystal  up  to  first  order  in  the  strain  and 
has  been  used  to  deduce  phenomenological  expressions  for  the  temperature  depend¬ 
ence  of  the  first  order  electrostriction  coefficients  of  ferroelectric  crystals 
in  the  paraelectric  phase.  If  the  prototype  phase  has  cubic  symmetry,  the 
coefficients  Q  ..  depend  linearly  on  temperature.  Moreover,  if  the  ferro- 

I  5  9  1  J 

electric  transition  is  of  second  order  the  electrostriction  coefficients  per¬ 
taining  to  shear  deformations  vanish  at  the  Curie  temperature  Tc.  These 
theoretical  results  are  in  agreement  with  the  experimental  data  available  for 
perovskite  oxides. 

3.  Microscopic  Theory 

3.1  First  Order  Anharmonic  Properties  of  Perovskite  Oxides:  Static 
Crystal  Lattice.  Lattice  dynamical  calculations  of  electrostriction  and  third 
order  elastic  coefficients  have  been  performed  on  the  basis  of  a  shell  model 
for  BaTiO^,  SrTiO^  (both  in  the  cubic  phase)  and  for  KTaO^.  Harmonic  and 
anharmonic  interactions  arising  from  the  Coulomb  forces  and  from  n.n.  short- 
range  central  forces  are  included.  The  calculations  refer  to  a  static  crystal 
and  are  based  on  empirical  model  parameters  determined  by  fitting  to  experimental 
input  data  obtained  by  linear  extrapolation  to  absolute  zero.  The  model  gives 

a  consistent  description  of  thrid  order  elastic  and  of  electrostriction  con¬ 
stants. 

3.2  Temperature  Dependence  of  Electrostriction.  The  hydrostatic  electro¬ 
striction  coefficient  of  SrTiO^  has  been  calculated  as  a  function  of  temperature 
on  the  basis  of  anharmonic  perturbation  theory.  The  same  anharmonic  shell  model 
as  used  before  for  the  calculation  of  the  electrostriction  coefficients  of  the 
static  crystal  is  employed.  The  anharmonic  contributions  from  the  Coulomb 
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interactions  are  found  to  be  comparable  to  those  from  the  short-range  interac¬ 
tions,  and  their  inclusion  leads  to  better  agreement  with  experimental  data 
than  earlier  calculations  based  on  the  simpler  model  of  Bruce  and  Cowley. 

4.  Publ ications 

51.  B.N.N.  Achar,  G.R.  Barsch  and  L.E.  Cross.  Static  Shell  Model  Calculation 

of  Electrostriction  and  Third  Order  Elastic  Coefficients  of  Perovskite 
Oxides.  Ferroelectrics  37,  495-498  (1981).  APPENDIX  1. 

52.  B.N.N.  Achar  and  G.R.  Barsch.  Anharmonic  Perturbation  Calculation  of 

Electrostriction  for  SrTi03.  Ferroelectrics  37,  491-493  (1981). 

53.  G.R.  Barsch,  B.N.N.  Achar  and  L.E.  Cross.  Phenomenological  Theory  of  the 

Temperature  Variation  of  Electrostriction  of  Ferroelectrics  in  the 
Paraelectric  Phase.  Ferroelectrics  35,  191-194  (1981). 

54.  G.R.  Barsch,  B.N.N.  Achar  and  L.E.  Cross.  Landau-Devonshire  Theory  with 

Rotationally  Invariant  Expansion  Coefficients.  Ferroelectrics  35,  187- 
190(1981).  APPENDIX  2. 


B.  Experiments  on  Electrostriction 

1 .  Purpose  and  Scope 

Development  of  the  practical  application  of  the  PbMg.j/3Nb2/303:PbTi03 
ceramics  for  position  control  in  multi  position  mirrors  has  now  been  taken  up 
by  Aldrich,  Daignault  and  Wheeler  of  ITEK  Optic  Division  in  Boston,  with  Penn 
State  in  a  consultant  role. 

A  new  type  of  application  which  is  being  explored  concerns  the  inverse 
electrostricti ve  effect  (stress  dependence  of  the  weak  field  dielectric  permit¬ 
tivity)  in  the  relaxor  ferroelectric  system  Pb(Mg^3Nb2^3)03:PbTi03:Ba(Zn-|^3Nb2^3)03 
ternary  solid  solutions.  In  this  system,  the  temperature  dependence  of  permit¬ 
tivity  can  be  largely  tuned  out  for  a  fixed  frequency  by  balancing  the  two 
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relaxation  regions.  Thus  the  sensitive  pressure  dependence  of  K  can  now  be 
used  as  an  inexpensive  compact  pressure  or  stress  gauge  (Appendix  3). 

Major  work  in  the  Laboratory  has  concentrated  upon  the  relaxation  behavior 
and  the  modification  to  this  response  by  orderrdisorder  of  the  B  site  cations 
in  PbSCi ^2Nb-| / 3^3 *  PbScl/2Tal/2^3  and  so^id  solutions  between  these  end  member 
components.  Current  work  has  shown  that  both  the  centroid  and  the  span  of  the 
diffuse  Curie  range  can  be  controlled  in  this  family  by  composition  manipula¬ 
tion  and  thermal  treatment.  Since  the  depolarization  curves  can  be  modified 
and  controlled,  there  is  the  possibility  of  developing  a  strong  extrinsic 
domain  contribution  to  the  reversible  pyroelectric  response  in  this  system. 

Optical  microscope  studies  of  single  crystals  in  the  PbSCy2Ta1^2°3» 
PbSc^Nb-i^O-j  and  PbMg.jy3Nb2^303  compositions  have  been  used  to  further  explore 
the  influence  of  ordering  on  the  optical  consequences  of  the  phase  charge  in 
the  Curie  Range.  Disordered  tantalate  crystals  show  no  optical  birefringence 
at  temperature  below  the  Tc  range,  whilst  ordering  brings  up  conventional 
ferroelectric  behavior  with  domain  structure  corresponding  to  a  rhombohedral 
symmetry  (Appendix  4). 

To  explore  the  effects  of  cation  disorder  in  a  non  relaxor  system,  a 
strain  guage  technique  was  used  to  measure  Q^,  Q-|2  and  Qh  in  K(TaQ  .55Nb0.45^°3 
crystals.  Both  Curie  content  and  Q  values  are  almost  the  same  as  for  the  end 
member  compositions  with  no  anomalous  lowering  of  Q  or  rise  in  C  in  the  solid 
solutions. 


2.  Publications 

55.  K.  Uchino,  S.  Nomura,  L.E.  Cross,  S.J.  Jang  and  R.E.  Newnham.  Pressure 
Gauge  Using  Relaxor  Ferroelectrics .  Jpn.  Journ,  Appl .  Phys.  20,  1367- 
L370  (1981).  APPENDIX  3 
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56.  Z.  Chen,  N.  Setter  and  L.E.  Cross.  Diffuse  Ferroelectric  Phase  Transition 

and  Cation  Order  in  the  Solid  Solution  System  Pb(SCy2Nbi/2^°3: 
Pb{Sc1^2TaT/2^°3'  Ferroe1 ectrics  37,  619-622  (1981). 

57.  N.  Setter  and  L.E.  Cross.  An  Optical  Study  of  the  Ferroelectric  Relaxors 

Pb(Mg] /3Mt>2/3^®3*  Pb^Scl/2Tal/2^3’  and  Pb(Sc-i/2Nbl/2^3‘  Ferroel ectrics 
37,  551-554  (1981).  APPENDIX  4 

58.  K.  Uchino,  S.  Nomura,  L.E.  Cross  and  R.E.  Newnham.  Electrostricti ve 

Effects  in  Potassium  Tantalate  Niobate.  Ferroelectrics  38,  825-828  (1981). 

2.  PIEZOELECTRIC  COMPOSITES 


C.  PZT: Polymer  Composites 
1 .  Purpose  and  Scope 

The  major  emphasis  of  work  upon  the  composite  transducers  in  this  family 

has  been  focused  upon  the  development  of  systems  with  very  high  stable  d^gh 

product  which  would  be  suitable  for  use  in  large  area  low  frequency  hydrophone 

systems.  Two  new  methods  of  construction  have  been  explored  in  which  the  PZT 

phase  itself  provides  bridging  to  develop  stress  amplification.  These  3:1  and 

3:2  patterns  produced  by  drilling  and  by  extrusion  have  exhibited  sensitvities 

-5  2  -1 

up  to  d^g^  =  45,000  10  m  N  with  no  significant  pressure  dependence  to 
pressures  beyond  1,000  psi  (Appendix  5). 

Earlier  studies  of  3-3  connected  composite  structures  generated  using  a 
Burn  out  of  plastic  microspheres  (BURPS)  process  have  now  been  written  up  for 
publication  (Appendix  6). 

Higher  frequency  applications  for  the  composite  structures  are  now  also 
being  explored  PZT  spheres,  and  3:1  connected  rods  have  been  compared  with  3:3 
connected  composites,  and  it  is  clear  that  only  the  longitudinal  rod  structures 
offer  satisfactory  coupling  in  simple  send  receive  geometries. 

A  general  summary  of  the  status  for  the  polymer: PZT  systems  is  given  in 


Appendix  7. 
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2.  Publications 

59.  A.  Safari,  R.E.  Newnham,  L.E.  Cross  and  W.A.  Schulze.  Perforated  PZT- 

Polymer  Composites  for  Piezoelectric  Transducer  Applications. 

(APPENDIX  5). 

60.  A.  Safari,  A.  Halliyal,  R.E.  Newnham  and  I.M.  Lachman.  Transverse  Honeycomb 

Composite  Transducers.  Mat.  Res.  Bull.  17,  301-308  (1982). 

61.  K.  Rittenmyer,  T.  Shrout,  W.A.  Schulze  and  R.E.  Newnham.  Piezoelectric 

3-3  Composites.  Ferroelectrics.  (APPENDIX  6) 

62.  A.  Safari,  A.  Halliyal,  L.J.  Bowen  and  R.E.  Newnham.  Flexible  Composite 

Transducers.  Ceramic  Journal,  12-29  (1981). 

63.  T.R.  Gururaja,  W.A.  Schulze,  T.R.  Shrout,  A.  Safari,  L.  Webster  and  L.E. 

Cross.  High  Frequency  Applications  of  PZT/Polymer  Composite  Materials. 
Ferroelectrics  39,  1245-1248  (1981). 

64.  S.Y.  Lynn,  R.E.  Newnham,  K.A.  Klicker,  K.  Rittenmyer,  A.  Safari  and  W.A. 

Schulze.  Ferroelectric  Composites  for  Hydrophones.  Ferroelectrics  38, 
955-958(1981).  (APPENDIX  7). 

D.  Piezoelectric  Composites  Other  Than  PZT 
1 .  Scope  and  Objectives 

A  number  of  studies  have  been  focused  upon  the  possibility  of  using  the 
principles  developed  in  the  PZT:polymer  composites  to  explore  other  interesting 
piezoelectric  composite  systems. 

The  piezoelectric  SbSI:polymer  system  is  a  direct  extension  of  earlier 
work  in  which  single  crystal  needles  of  SbSI  replaced  the  PZT  extruded  rods. 

Again  a  poling  operation  is  necessary,  but  an  unexpected  bonus  from  the  composite 
structure  is  a  shifting  of  the  dielectric  permittivity  peak  to  higher  temperature 
without  a  shifting  of  the  piezoelectric  d^  and  dh  peaks,  leading  to  a  significant 
improvement  in  dhgh  product  over  the  single  phase  SbSI.  (APPENDIX  8) 
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A  second  important  sequence  of  studies  has  been  concerned  with  the  re¬ 
crystal  1 ization  of  polar  glass  ceramics.  It  has  been  found  that  for  Ba2Ge2Ti0g, 
E^S^TiOg,  Li^SiOg  and  LigO.-SiOg^Og  glasses  that  by  recrystallizing  the 
quenched  glass  in  a  strong  temperature  gradient,  the  polar  crystallites  can  be 
oriented  and  preserve  a  dominant  polar  axis.  In  this  manner,  a  completely 
new  type  of  piezoceramics  can  be  fabricated  from  a  polar  but  non  ferroelectric 
crystal  phase.  (APPENDIX  9) 

2.  Publ ications 

65.  A.  Halliyal,  A.S.  Bhalla,  R.E.  Newnham,  L.E.  Cross  and  T.R.  Gururaja. 

Study  of  the  Piezoelectric  Properties  of  Ba2Ge2TiOg  Glass-Ceramic  and 
Single  Crystals.  Journal  of  Materials  Science  17,295-300  (1982). 

66.  A.  Halliyal,  A.S.  Bhalla,  R.E.  Newnham  and  L.E.  Cross.  Piezoelectric 

Properties  of  Lithium  Borosilicate  Glass  Ceramics.  Journal  of  Applied 
Physics  (accepted). 

67.  A.  Halliyal,  A.S.  Bhalla,  R.E.  Newnham,  and  L.E.  Cross.  Piezoelectric 

and  Elastic  Properties  of  Barium  Germanium  Titanate  and  Lithium  Boro¬ 
silicate  Glass  Ceramics.  IEEE  Ultrasonics  Symposium  Proceedings, 

315-318  (1981).  (APPENDIX  9) 

3.  PREPARATIVE  STUDIES 

3. 1  Densification  of  PZT  Ceramics 

Much  of  the  extensive  preparative  work  on  this  contract  has  been 
concerned  with  fabricating  PZT  ceramics  in  unusual  geometries  for  the  com¬ 
posites  program,  and  with  lead  magnesium  niobate  and  other  relaxor  ferroelectric 
compositions. 

In  parallel  with  these  very  necessary  practical  measures,  more  detailed 
work  has  been  carried  forward  upon  the  calcining  process  for  PZTs  fabricated 
by  mixed  oxide  process,  and  the  detailed  effects  of  different  calcining  phase 


assemblages  upon  the  final  densification,  poling  and  resultant  properties  in 
model  compositions.  (APPENDIX  10) 

3 . 2  Fabrication  of  Grain  Oriented  Bi^Ti^Q-j 2  Ceramics 

Molten  salt  synthesis  from  eutectic  KCl:NaCl  mixtures  has  been  used  to 
fabricate  plately  starting  powders  of  Bi4Ti3012.  By  tape  casting  and  conven¬ 
tional  sintering  grain  correlations  of  >  95%  and  density  of  92%  theoretical  can 

10 

be  achieved  yeilding  ceramics  which  can  be  pulse  poled  to  a  d33  ^10x10  C/N. 

3. 3  Preparations  of  Lead  Magnesium  Niobate 

A  problem  which  has  caused  repeated  difficulty  in  the  preparation  of  batches 
of  lead  magnesium  niobate  PbMg^3Nb2^303  and  its  solid  solutions  with  lead 
titanates  PbTi03  is  the  appearance  early  in  calcining  of  a  stable  pyrochlore 
structure  phase  which  is  difficult  to  eradicate  from  the  final  sintered  compact. 

We  believe  that  a  source  of  the  problem  is  the  reaction  of  PbO  and  Nb^  to 
form  a  fairly  stable  pyrochlore  structure  phase  before  the  MgO  begins  to  parti¬ 
cipate  in  the  reaction  sequence.  A  good  initial  solution  to  the  problem  has 
been  to  preform  a  MgNb2Og  precursor  which  can  then  be  reacted  with  the  lead  oxide 
in  the  sequence 

1 onn°r 

MgO  +  Nb205  MgNb206 

3PbO  +  MgNb206  870°-C->  Pb3(MgNb2)Og 


For  the  pure  PbMg^3Nb2^303  mixed  oxides  calcined  at  850°C  for  8  hours  yield 
only  30-60%  perovskite  phase,  whilst  the  above  reaction  sequence  yields  better 
than  90?o  perovskite.  In  10%  PbTi03  solutions,  this  yield  increases  to  better 
than  98%. 

3.4  Crystal  Growth  Studies 

The  Crystalox  model  MCG3  material  preparation  system  which  was  acquired  last 


year  on  contract  and  University  funds  is  now  being  used  to  study  the  growth  of 
two  families  of  ferroic  crystals  which  are  of  interest  for  the  group. 
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3.4.1  Halide  Perovskites.  Perovskite  structure  mixed  halides  in  the  general 
formula 

ABX3 

where  A  is  a  larger  monovalent  cation 
B  is  small  divalent  cation 
X  the  halide  ion 

are  needed  for  extending  the  theoretical  studies  of  the  origins  of  electrostric- 
tion  in  perovskite  structure  crystals. 

Initial  Czochralski  pulling  has  been  applied  to  crystals  in  the  compositions 
KMgF^,  KMnF3,  KZnF3  and  KCaF3-  For  the  first  three  water  clear  crystals  up  to 
2  cm  in  diameter  have  been  pulled,  oriented  and  cut  for  electrostriction  measure¬ 
ments. 

In  KCaF3,  all  the  crystals  grown  contain  small  opaque  solid  inclusions, 
probably  CaO  and  attempts  are  now  under  way  to  purify  and  remove  all  oxygen  from 
the  starting  charge. 

3.4.2  Tungsten  Bronze  Oxides.  Two  projects  are  underway  with  the  bronze 
family  oxides. 

1)  The  structural  formula  for  the  bronze  is  A-|  (2)A2(4)C(4)B1 0°30 '  In  many 
bronzes,  the  chemical  formula  is  such  that  not  all  A-j  or  A^  sites  are 
filled,  and  in  many  compositions  all  the  very  small  sites  are  often 
vacant.  It  is  our  objective  to  grow  compositions  in  the  system 

( K1  -xNax  ^  2 ( Srl  -yBay  Mbl  0°30 
in  which  all  larger  A^  and  A3  sites  are  occupied. 

So  far  the  best  success  has  been  achieved  with  the  composition 
(K  Na)(Sr3Ba)Nb50]5 

where  the  composition  was  determined  directly  from  analysis  of  the  boule 
material . 
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Other  crystals  grown  in  this  family  had  compositions 


(K 

(K 

(K 

(K 


0.6Na0.7^Srl  .65Ba 
0.6Na0.7^Sr2.65Ba 
0.65Na0.65^Sr3.25 
0.70Na0.55^Sr3.65 


2.70)Nb10°30 

1.65)Nb10°30 

Ba1.13)Nb10°30 

Ba0.70)Nb10°30 


Samples  adequate  for  initial  electrical  characterization  and  for  ferroelectric 
domain  and  polarization  studies  were  obtained. 

2)  Pb  Ba.  Nbo0..  Bronzes. 

X  i  -  X  L  O 

The  lead  barium  bronze  compositions  are  of  particular  interest  in  piezo¬ 
electricity  since  there  is  a  morphotropic  boundary  between  tetragonal  and  ortho¬ 
rhombic  ferroelectric  forms  for  compositions  with  x  ^  0-6.  To  approach  the 
morphotropic  composition  from  the  tetragonal  side,  crystals  have  been  grown  in 
the  compositions 

Pb0.38a0.7Nb2°6 

and 

Pb0.5Ba0.5Nb2°6 

Both  crystals  are  in  the  tetragonal  structure  field,  with  Curie  points  at  340°C 
and  260°C  as  expected  from  earlier  studies  on  ceramics.  Additional  growth  runs 
are  now  being  carried  forward  for  compositions  which  will  bracket  the  morpho¬ 
tropic  phase  boundary. 

3. 5  Publ ications 

68.  S.  Venkataramani  and  J.V.  Biggers.  Densification  in  PZT.  Ferroelectrics 

37,  607-610  (1981).  (APPENDIX  10) 

69.  S.  Swartz,  W.A.  Schulze,  and  J.V.  Biggers.  Fabrication  and  Electrical 

Properties  of  Grain  Oriented  Bi^Ti^O^  Ceramics.  Ferroelectrics  38, 


765-768  (1981). 
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4.  CHARACTERIZATION  STUDIES 

4.1  Ordering  in  Pb(Mgi  ^Nb^  / 3 ) Q3  ~  1  /2—2 

Compositional  ordering  was  explored  in  the  system  ( 1  -x)Pb(Mg-j /3Nb2/3 ) 

03  -  xPbMg^ /2Wl/2^3  so^1c*  solutions  using  x-ray  diffraction  and  neutron  profile 
fitting.  Structures  with  x  <  0.2  exhibit  ordering  of  B  site  cations  and  symmetry 
in  space  group  Fm3m.  Oxygen  octahedra  are  not  tilted  in  the  ordered  phases,  but 
are  no  longer  equivalent. 

4.2  Studies  of  the  PbZrO-jiPbTiO,  System 


Careful  calorimetric  measurements  of  the  heat  of  transition  at  the  Curie 


point  Tc  have  been  made  for  a  range  of  chemically  prepared  PbZrxTi-|_x03  composi¬ 
tions  in  the  range  0.0  <  x  <  0.6,  using  a  Perkin-Elmer  DSC2  thermal  analyser. 
Transition  entropy  and  Curie  Weiss  constant  were  determined  to  show  anomalous 
values  near  the  morphotropic  boundary  compositions.  (APPENDIX  11) 

Neutron  diffraction  analysis  and  fitting  using  the  Rietveld  profile  technique 
have  been  used  to  explore  the  rhombohedral : rhombohedral  (R3m  -  R3c)  phase  change 
at  low  temperature  in  the  composition  PbZrQ  gTig  403>  (APPENDIX  12) 

Results  are  indicative  of  a  diffuse  change  in  the  region  250-300°K.  Values 
of  P$  obtained  from  Zr/Ti  ion  shifts  are  in  good  agreement  with  phenomenological 
theory. 

4.3  Studies  of  Ferroelectric  Surfaces 

Low  energy  inert  gas  ion  scattering  (ISS)  techniques  have  been  used  to 
explore  the  surfaces  of  gadolinium  molybdate  and  barium  titanate  single  crystals. 
The  chemical  nature  of  the  surface  layer  on  Remeika  type  BaTiO^  has  been  explored 
and  potassium  and  fluorine  impurities  detected.  In  GM0  positive  and  negative 
domain  surfaces  are  chemically  identical  however  the  orientation  of  Ps  does  have 
a  strong  effect  on  the  scattering  of  He-4  ions.  (APPENDIX  13) 
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Inelastic  effects  in  ion  scattering  from  GdF3,  Gd303  and  Gd2(MoO^)2  surfaces 
have  also  been  explored  to  explain  the  low  energy  tail  which  appears  on  the 
elastic  scattering. 

In  addition  Auger  Electron  Scattering  (AES),  sputter-induced  photo-emission 
spectroscopy  (SIPS),  and  secondary  ion  mass  spectrometry  (SIMS)  have  been  used  to 

explore  GMO  surfaces,  and  HF  substituted  surfaces. 

3+  3+ 

4.4  Luminescence  in  Tb  and  Eu  Activated  Gadolinium  Molybdate 

In  a  cooperative  study  with  Dr.  W.B.  White's  optics  group,  luminescence 
spectra  were  observed  for  terbium  and  europium  activated  ferroelectric rferro- 
elastic  GMO.  Surprisingly  the  spectra  change  hardly  at  all  at  temperatures  below 
and  above  the  Curie  point,  T  ,  indicating  that  the  improper  ferroelectric  transi¬ 
tion  has  very  little  effect  on  the  local  crystal  field. 

4 . 5  Domain  Walls  in  Gd^^oO^)., 

Following  an  excellent  theoretical  analysis  by  Indenbom  and  Chamrov, 
high  resolution  decoration  techniques  were  used  to  explore  and  confirm  features 
predicted  for  structures  involving  encountering  orthogonal  walls.  Both  the  cusp¬ 
like  features,  and  the  bowing  of  the  planar  walls  predicted  from  the  long  range 
strain  fields  were  observed,  and  the  thickness  of  the  wall  confirmed  to  be  much 
less  than  lu  meter.  (APPENDIX  14) 
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5.  FERROELASTICS 

5.1  Lead  Bismuth  Niobate 

X-ray  and  optical  measurements  have  been  used  to  show  that  the  spontan¬ 
eous  strain  (b/a  -  1)  and  optical  bi refringence  An^  in  single  crystals  of 
PbBi2Nb20g  are  a  function  of  the  state  of  electrical  poling,  going  to  zero  in  the 
unpoled  state.  The  behavior  in  reminiscent  of  the  relaxor-ferroelectric  perov- 
skites  in  that  the  poled  in  strain  (birefringence)  goes  to  zero  some  200°C  below 
the  dielectric  Curie  peak.  (APPENDIX  15) 

5.2  Shape  Memory  Effects  in  PLZT  Ceramics 

A  shape  memory  effect  qualitatively  similar  to  that  observed  in  marten¬ 
sitic  metal  systems  such  as  the  nickel :titanium  alloys  (Nitinol)  has  been 


extensively  investigated  in  the  PLZT  family  for  compositions  in  the  x/65/35 
system  in  the  range  4.0  $  x  S  8.0. 


Ferroelastic  domain  reorientation,  and  temperature  dependent  changes  in  the 
magnitude  of  the  spontaneous  strain  are  important  factors  in  governing  the  snape 
memory.  Ferroelastic  domain  reorientation  was  confirmed  by  x-ray  diffraction 
methods.  (APPENDIX  16) 

5.3  Publ ications 

79.  0.  Delaporte,  G.R.  Barsch,  L.E.  Cross  and  E.  Ryba.  Unusual  Ferroelastic 

Behavior  in  Ferroelectric  Lead  Bismuth  Niobate  (PbBi^NbgOg),  (APPENDIX  15). 

80.  T.  Kimura,  R.E.  Newnham  and  L.E.  Cross.  Shape-Memory  Effect  in  PLZT  Ferro¬ 

electric  Ceramics.  Phase  Transitions  2,  113-130  (1981).  (APPENDIX  16) 

6.  FERROELECTRIC  BICRYSTALS 
6. 1  Scope  and  Purpose 

Studies  have  continued  on  artificial  planar  boundaries  produced  by 
diffusion  bonding  single  domain  single  crystals  of  lithium  niobate  at  tempera¬ 
tures  below  the  Curie  point,  T  .  Dielectric,  piezoelectric  and  pyroelectric 
studies  have  been  used  to  compare  bi crystal  and  single  crystal  properties  and 
to  explore  the  charge  trapping  at  the  interface. 

Piezoelectric  resonance  measurements  indicate  that  encountering  (head-to- 
head  or  tai 1 -to-tai 1 )  crystals  resonate  separately,  and  based  on  these  studies 
calculations  have  been  made  for  the  grain  resonance  effects  in  ceramic  LiNbOg 
fabricated  with  a  narrow  range  of  grain  sizes.  It  is  found  that  by  using  an  IBM 
ecap  program,  modified  so  as  to  calculate  the  impedance  for  families  of  grains 
in  series  and  parallel  connections  both  real  and  imaginary  parts  of  the  complex 
impedance  over  the  frequency  range  from  100  Hz  to  100  MHz  can  be  modeled  from 
single  crystal  parameters  to  a  precision  of  better  than  tS%. 


6.2  Publications 
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81.  Yao  Xi  and  L.E.  Cross.  Lithium  Niobate  Bicrystal,  Ferroelectrics  38,  829- 

832  (1981).  (APPENDIX  17) 

7.  PYROELECTRIC  STUDIES 

7.1  Theoretical  Studies 

A  feature  of  the  pyroelectrics  which  we  believe  to  be  of  major 
importance  but  which  has  been  most  inadequately  dealt  with  in  the  past  is  the 
separation  of  primary  and  secondary  effects.  Clearly  the  total  pyroelectric 
coefficient  p^  which  is  usually  measured  at  constant  stress  and  temperature  T 
is  made  up  of  two  parts 

pi  pi  dijk  cjklmalm 

where  p^  is  the  primary  coefficient  measured  at  constant  strain  e  and  the  second 
term  is  the  secondary  effect  which  depends  upon  the  pizeoelectric  constants,  d, 
the  elastic  constants,  c,  and  the  thermal  expansion,  a. 

All  coefficients  in  the  equation  are  functions  of  temperature,  and  much  of 
the  complexity  in  the  temperature  dependence  of  the  total  effect  stems  from  the 
fact  that  in  many  ferroelectrics  primary  and  secondary  terms  are  of  opposite  sign 
but  of  similar  magnitude. 

Using  both  literature  values  and  new  measurements,  primary  and  secondary 
components  have  been  separated  and  systematized  for  a  number  of  simple  proper 
ferroelectrics, improper  ferroelectrics, polar  nonferroelectric  crystals  and  polar 
semiconductors.  (APPENDIX  18) 

7.2  Experimental 

A  number  of  dominantly  3:1  and  3:3  connected  composite  systems  have 


been  explored  for  their  pyroelectric  response.  In  the  first  studies,  PZT:polymer 


composites  in  the  form  used  earlier  for  hydrophones  were  explored.  For  the  3:3 
connected  material  the  figure  of  merit  p/e  can  be  exhanced  by  a  factor  of  ^  7 
in  epoxy  PZT  composites,  clearly  a  secondary  effect  as  no  change  occurs  in 
similar  composites  with  soft  elastomers. 

SbSI  is  a  most  interesting  component  for  composite  systems.  Single  crystal 
data  are  presented  for  which  p  reaches  the  unusually  large  value  1.2  x  104  uC/m2°C 
at  T  -  Tc  2°C.  (APPENDIX  19) 

A  range  of  interesting  new  polar  glass  ceramics  have  been  fabricated  by 
annealing  a  quenched  glass  in  a  strong  temperature  gradient  so  as  to  orient  the 
crystallization  of  a  polar  crystal  component.  L^S^C^,  Ba2TiGe20g,  Ba2TiSi20g 
and  compositions  modified  with  ZnO  and  B20g  have  been  tried.  In  several  of  these 
systems  strong  pyroelectric  response  has  been  observed.  For  compositions  where 
more  than  one  polar  crystalline  phase  can  be  recrystall ized  there  appears  to  be 
the  interesting  possibility  of  producing: 

(a)  Pyroelectrics  with  negligible  piezoelectricity 

(b)  Piezoelectrics  with  negligible  pyroelectricity 

(c)  Material  combinations  with  strong  piezoelectric  radial  coupling  at 
low  RF  frequency  but  very  low  temperature  coefficient  of  resonant 
frequency. 

We  believe  that  in  future  development  then  glass  ceramic  compositions  may 
be  mated  in  interesting  fiber  optic  structures  to  perhaps  provide  completely 
transparent  electromagnetic  wave  antenae. 
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8.  GENERAL 

8. 1  Introduction 

In  connection  with  the  Joint  US: India  seminar  on  Preparation  and  Charac¬ 
terization  one  of  us  presented  a  survey  paper  on  Ferroic  Crystals,  Ceramics  and 
Composites.  Somewhat  similar  material  was  also  covered  in  a  general  survey  for 
the  American  Crystallographic  Association  in  "Ferroic  Crystals"  which  was 
presented  together  with  a  survey  of  "Crystal lography at  Penn  State." 
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STATIC  SHELL  MODEL  CALCULATION  OF  ELECTROSTRICTION  AND  THIRD  ORDER  ELASTIC 
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Abstract — Lattice  dynamical  calculations  of  electrostriction  and  third  order 
elastic  coefficients  have  been  performed  on  the  basis  of  a  shell  model  for  BaTiO.,, 
SrTiOg  (both  in  the  cubic  phase)  and  for  KTa03.  Harmonic  and  anharmonic  inter¬ 
actions  arising  from  the  Coulomb  forces  and  from  n.n.  short-range  central  forces 
are  included.  The  calculations  refer  to  a  static  crystal  and  are  based  on 
empirical  model  parameters  determined  by  fitting  to  experimental  input  data 
obtained  by  linear  extrapolation  to  absolute  zero. 


ANHARMONIC' PROPERTIES  OF  THE  STATIC  CRYSTAL 

First  order  anharmonic  properties,  such  as  electrostriction  (ES)  and  third  order 
elastic  (TOE)  coefficients  in  general  arise  from  two  contributions:  the  contribution 
from  the  cohesive  forces  responsible  for  the  properties  of  the  static  crystal  lattice, 
and  the  phonon  self-energy  contribution  arising  from  thermal  and  zero  point  motion. 
Although  the  former  depends  only  on  the  third  order  interatomic  coupling  parameters,  the 
latter  includes  still  higher  order  derivatives  of  the  potential  energy,  that  are  usually 
not  well  known.  In  addition,  an  adequate  theoretical  description  of  first  order  an 
harmonic  properties  at  finite  temperature,  e.g.  via  the  self-consistent  phonon  approxi¬ 
mation  or  anharmonic  perturbation  theory  is  a  complex  and,  especially  for  soft-mode 
materials,  an  ambiguous  procedure.  In  a  previous  theoretical  study  of  SrTi03  these 
difficulties  were  circumvented  by  eliminating  the  thermal  and  zero-point  contributions 
tnrough  extrapolation  of  the  experimental  data  to  absolute  zero,  and  by  performing  a 
lattice  dynamical  calculation  pertaining  to  the  static  metastable  crystal,  resulting  in 
a  consistent  description  of  first  order  anharmonic  properties!.  In  the  present  paper 
this  procedure  is  extended  to  BaTi03  and  KTaOg,  the  only  other  perovskite  oxides  with  a 
sufficient  amount  of  pertinent  experimental  data  available. 

SHELL  MODEL 

The  calculations  are  based  on  a  rigid-shell  model,  the  harmonic  part  of  which  is 
identical  with  that  of  Cowley*-  for  the  cubic  perovskite  structure  of  ABO3  and  includes 
the  following  interactions  described  by  the  parameters  given  in  parenthesis  in  standard 
notation^.-.  Coulomb  interactions,  (ionic  charges  Zg;  6  **  A,B,0),  short  range  two-body 
central  forces  between  nearest  neighbors  (A^,  B^;  i  «  A-0,B-0,0-0) ,  and  the  polariz¬ 
ability  parameters  of  the  three  ions  (ag,  dg;  8  *  A,B,0).  Anharmonicity  arising  from 
Coulomb  and  repulsive  interactions  (Cj;  i  »  A-0,B-0,0-0)  is  included.  Intraionic 
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'.har-onicicv  recently  considered  by  Migoni  et  al.3  does  not  affect  the  first  order 
ir.ar~.onic  properties  of  che  static  perovskite  crystal. 

The  narmonic  model  parameters  were  determined  (as  described  in  detail  in  Ref.  1) 
-eans  of  a  least  squares  fit  to  the  following  experimental  data  linearly  extrapolate; 

rr-  :  high  temperature  region  to  absolute  zero:  the  elastic  constants  c^,  C3; ,  c _ . 

e  static  and  che  high  frequency  dielectric  constants,  £0  and  4°°>  respectively,  and  the 
.  van  zone  center  optic  mode  frequencies  (Tis) ,  ^^(Ti5)  (a  =  1,2,3)  and  u> ( .  25 )  • 

-.  addition,  the  charge  neutrality  and  equilibrium  conditions  were  used.  The  anharmomc 
arameter  Ci  for  the  B-0  interaction  was  determined  from  the  pressure  derivative 
-ln£0/3p).  extrapolated  from  the  experimental  high  temperature  data  to  absolute  zero, 

=  described  in  Ref.  1.  The  remaining  anharmonic  parameters  C3  and  C3  were  calculated 
ton  che  corresponding  harmonic  parameters  A3,  B3  and  A3*  B3  bv  assuming  the  Born— Mayer 
orm  for  the  interatomic  potential  (found  adequate  for  SrTi03  (Ref.  1)). 


Table  I.  Shell  model  parameters  for  perovskite  The  parameters  so  obtained  are 

oxides  ABO3.  listed  in  Table  I,  where  the  value; 

—  - - -I - -  rrm - r  „  qr; „ - :  m -  for  SrTiO-i  have  been  included  for 

Interaction  Parameter  |  SrTiQ3  j  BaTiQ3  i  KTaQ3  compariso*.  Ie  is  apparent  that 

”aTq  j  A3  11.44  j  25 . 10  j  36.60  j  for  all  three  compounds  the  E-u 

1  B3  -2.18  i  -12.67  |  -11.95  |  interaction  is  dominant.  Surpris- 

—————— - ttr — n-,  ;  o; — — y ,-ft-Trri  ingly,  in  BaTiOq  and  KTa03  the 

I  , ,  . .  n  qq  ,,  „  I  second  and  especially  the  thirc 

_ B2  -47-*°  12~88  67~37  I  derivatives  of  the  0-0  interaction 

0-0  A3  27.36  -1.56  j  1.19  potential  are  smaller  than  for 

B3  7.92  4.58  I  -6.50  SrTi03,  although  the  lattice  con- 

- — - : — ttH - : — 3-3—; - r  ox  stants  differ  bv  no  more  than  2 

,  Za  1.24  l.lo  Ur /U  .  _  ,,  . ,  , 

I  A  2  42  21’  1  18  percent.  For  all  three  compounds 

'  B  I  ‘ ,  the  anharmonicitv  of  the  short 

Zn  —  1  •  22  — 1 « 1U  ;  "U  -  bJ  .  , 

U  n  no  n  ?n  -  n  range  interactions  characterizec 

i  %  S:S  S:043i  S:SSa  *  4vati0  ^ is  ,iarsest  for-- 

4  0.026  0.0261  0 . 023t  the  B-0  interaction  and  quite . srz*. 

I  d°  -1 . 04d  0.029  -0.948  for  the  °-°  interaction. 

dB  -0.1621  -1.0541  -0.434)  RESULTS  AND  DISCUSSION 

!  do  0.937)  0.86  !  0.95lJ  T  _  .  ,  Tt  .u  ,  , 

_ | _ O _ 1 _ 1  In  Table  II  the  calculatec 

A-0  •  C3  I  -60.1  |  -49.7  i  -112.0  j  values  of  the  second  and  thirc 

5-7  Ct  i  -1782.5  f-1034.1  j— 2038 . 7  ;  order  elastic  constants,  of  the 

C3  |  -94.5  I  -0.53  |  -0.22  1  static  and  high  f requency  dieie : : r . 

- - - — - *  constant,  of  the  pressure  coeffi¬ 
cient  (31n£0/3p),  of  the  electrostriction  constants  Qh  -  Qllll  +  2Q2211*  Qs  =  Ollll  ~ 
■2211  and  0l212*  and  the  soft  optic  mode  frequency  ^3  and  the  associated  microscoci; 
•  runeisen  parameter  Yp,  (calculated  from  an  approximate  formula  of  Samara3-)  are  com¬ 
pared  with  the  available  experimental  data,  extrapolated  to  absolute  zero.  Also  in¬ 
cluded  are  the  values  for  the  least  squares  fit  of  all  12  harmonic  quantities  calcu¬ 
lated  from  the  assumption  that  all  experimental  data  are  subject  to  an  error  of  101 
arising  mostly  from  the  extrapolation  to  absolute  zero.  In  general  for  the  harmonic 
:uantities  fair  to  good  agreement  is  obtained,  with  the  largest  discrepancy  occurring 
for  c0  and  amounting  to  about  20%  for  SrTi03  and  BaTi03.  Furthermore,  the  present 
central  rorce  model  does  not  account  for  the  deviation  of  the  elastic  constants  from 
t.  e  cJuc.t-  relation  C32  =  C4i. 

calculated  TOE  constants  C233  and  C332  are  for  BaTi03  about  half  as  large  a  - 

-  r  3.  ■ nereas  for  KTa03  they  are  approximatelv  the  same.  For  SrTi03  the  calcu- 

.--e  cm  3grees  verv  well  with  the  experimental  value,  and  0323  agrees  •• : :  . 


Interaction 

Parameter 

SrTi03 

BaTi03 

KTa03 

.->-0 

A1 

11.44 

25.10 

36.60 

1 

B1 

-2.18 

-12.67 

-11.95  | 

B-0  j 

A2 

111.07 

125.57 

140.94  I 

B2 

-47.40 

12.88 

67.37  ] 

0-0 

a3 

27.36 

-1.56 

1.19  1 

b3 

7.92 

4.58 

-6.50  j 

Za 

1.24 

1.18 

6.70  | 

( 

Zb 

2.42 

2.12 

1.18 

1 

Zq 

-1.22 

-1.10 

-0,63  1 

0 

179 

0.20  ; 

0 

082 

0 

068 

0.0431 

0 

006 

0 

026 

0.0261 

0 

023 

1 

040 

0.029i 

-0 

948 

0 

162 

-1.054! 

-0 

434 

0 

937 

0.86  1 

0 

951 

-60.1  |  -49.7  1  -112.0 

-1782.5  f- 1034.1  1-2038.7 


STATIC  SHELL  MODEL  CALCULATION  OF  ELECT ROSTRICT1 ON  AND  THIRD  ORDER. . . 

II.  Second  and  third  order  elastic  constants  (lO^lN/m^),  high  frequency  and  static 
l  -.zive  dielectric  constants,  logarithmic  pressure  derivative  of  the  static  dielectric 
.  r.star.t  (10“^m“/N),  electrostriction  constants  (m^/C^),  soft-mode  frequency  (10^  rad/ 
and  soft-node  y,  and  value  for  least  squares  fit  of  all  12  harmonic  quantities. 


SrTiOR 

BaTlOq 

KTaO- 

Experimental 

Calculated 

Experimental 

Calculated 

Experimental 

Calculated 

Extrapolated 

Extrapolated 

Extrapolated 

:  ’  (*'> 

3.337a 

3.15 

2.553 

2.29 

4 . 31n 

3.70 

(*) 

1. 050a 

1.12 

0. 833 

0.95 

1. 30n 

1.36 

.„  (*) 

•1.265a 

1.12 

1.093 

0.95 

1.09n 

1.36 

-49.6b 

-47.1 

— 

-24.1 

— 

-54.9 

-7.7b 

-4.7 

_ - 

-2.8 

— 

-3.6 

- 1-3 

0.2b 

-1.2 

— 

-0.9 

— 

-0.3 

--  (*) 

5. 5C 

5.36 

5.31k 

6.23 

4.62*' 

4.57 

(*> 

-2297. d 

-1852. 

-418. e 

-330.0 

-766.9 

-707. 

■  ,lnc0/9p) 

4 . 08e 

4.08 

0,42e 

0.42 

0. 68r 

0.68 

-  n 

0. 103f 

0.125 

0.006f 

0.0076 

0.051s 

0.054 

0.1368 

-0.076 

-0.321 

-1.02 

0.136b 

0.718 

^  T  T  ^  ^ 

_ 

0.011 

0.037b 

0.027 

(*) 

i  x  0. 605b 

i  x  0.542 

i  x  2.047® 

i  x  1.899 

i  x  0. 290u 

i  x  0.278 

-368. 01 

-306.2 

-29. 51 

-25.7 

-77. 81 

-67.2 

26 

24 

110 

aRef.  4;  bRef.  5;  CRef.  6;  dRef.  7;  eRef.  8;  fRef.  9  (based  on  Ref.  8);  8Ref.  9  (based 
on  Ref.  10);  hRef.  11;  ^calculated  from  the  approximate  formula  yti  “  ~(B/2)  (31ne0/9p) 
-Ref.  12);  3Ref.  13;  kRef.  14;  lRef.  9  (based  on  Ref.  15);  mRef.  16;  nRef.  17;  PRef.  18; 
Ref.  19;  rRef.  12,20;  sbased  on  Ref.  20;  cExper imental  data  at  4K  from  Ref.  21;  uRef.  22; 
-o  Denotes  quantities  included  in  least  squares  fit. 

one  large  experimental  error  of  i4.3  x  10^  N/m^.  No  experimental  TOE  constant  data 
are  available  for  BaTi03  and  KTa03-  However ,• experimental  data  for  the  TOE  compliance 
'111  obtained  by  a  resonance  method  have  been  reported  for  SrTi03  and  BaTi03,  amounting 
to  1.0  x  10”-®  m^/N*  (at  190K)  and  4  x  10-19  m^/N-  (at  195°C),  respectively,  and  have 
^een  found  to  increase  considerably  with  decreasing  temperature  (Refs.  10b  and  23;  the 
values  quoted  have  been  converted*^  to  Brugger's  notation25) .  These  values  are  two  to 
three  orders  of  magnitude  larger  than  those  calculated-^*  from  the  ultrasonicallv 
-.easured  TOE  constants  (1.8  x  10“22  m^/N  for  SrTi03)  or  from  the  lattice  theoretically 
calculated  TOE  constants  (3.735  x  10”22  m^/N  for  BaTi03) .  It  is  conceivable  that  for 
5aTi03  this  discrepancy  could  arise  from  "polar"  defect  regions  present  above  the  Curie 

temperature-^ . 

Although  (91ne0/5p)  is  fitted  exactly,  for  SrTi03  and  BaTi03  a  discrepancy  of 
atout  25'.  occurs  in  Q^,  which  arises  from  the  discrepancy  in  c0.  The  calculated  values 
: :  Qs  are  of  the  correct  order  of  magnitude,  and  for  BaTi03  and  KTa03  they  have  the 
.trrect  sign.  For  KTa03  the  discrepancy  in  Qs  could  arise  from  quantum  effects, 
although  for  Qi212  bhe  agreement  is  better  than  for  Qs . 

It  may  further  be  noted  that  for  BaTi03  and  KTa03  the  magnitude  of  the  calculated 
soft  mode  gamma  is  considerably  smaller  than  for  SrTi03- 
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In  summary,  it  has  been  shown  for  the  three  perovskite  oxides  considered  that 
tr.e  first  order  anharmonic  quantities  pertaining  to  a  static  crystal  can  be  accounted 
for  by  a  simple  shell  model,  in  which  the  anharmonicity  of  the  Coulomb  and  of  the 
snort  range  repulsive  interactions  is  included.  The  discrepancies  found  mav  arise 
from  limitations  of  the  model,  such  as  neglect  of  non-central  forces,  and  from  the 
uncertainties  in  the  extrapolation  to  absolute  zero  of  the  experimental  input  data, 
especially 9  the  ES  constant  Qs* 
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expressions  pertaining  to  a  centrosynmetr ic  prototype  phase  are 
of-  .  e  orreaion  terms  to  the  third  and  fourth  order  expansion  coefficients 

and  the  nolarI?ernShir!!  energy  "Uh  r6Spect  to  the  displacement  gradient 

condition  I  ?  3rlSe  35  3  conse(^"ce  of  the  rotational  invariance 

mav  be  nuAericall' f °  crystals  of  °h  symmetry  shows  that  the  correction  terms 
may  De  numerically  significant. 


TOUPIN'S  THEOREM 

tieldIandhineJhetrKStatiC  approxlmation  without  retardation  of  the  electromagnet!, 

teld  and  in  the  absence  of  a  magnetic  field)  the  internal  energy  U  (per  unit  mass)  of 
a  homogeneous  infinite  elastic  dielectric  medium  isentropically  subjected  to  a  finite 

HeSoitzefr™aenen2an?/  finite  field  (for  ^othermal  conditions:  the 

and  the^olar izat ion^'vec tor  I  1°"“° 8"dl“t  °5/4i>  ‘ 
deformed  statel  r  -  w,-,,-  J '  '  le  Cr  c  d  pole  moment  per  unit  volume  in  the  J 

of  a  mfterial  ^iL'in  tb  ^  Xi  ““  ^  U’j  =  1*2*3>  denotp  the  coordinates 

referent  ««S!  «s pec citelt  ^  th*  a"d  unpolarized 

rotational  invariance"  condition  requires tuJTdl  Ipl  ^ 

rotation  matrices  R  =  .p .  .  ,  H  U  (R  (o  x/.-  a)  ,RP)  =  U(»x/3a,P)  for  all 

in  terms  of  the  symmetric3  Lagrangian°s train" tensor8  (LST)”*-  ^  a5CpPeSSed 

notation;  summation  convention!)  T)  ’  <niJ 1  defined  by  (tensor 

"ij  =  il(3V?ai)(3\/3aj>  '  (1) 

and  in  terms  of  Toupin's  material  measure  of  polarization  (MMP)  2  =  {-t  .  defined  by 


=  J(3a ./ox  )P 
i  r  r 


where 


(2) 


T  -  (.  /.)  -  det(3x./5a.) 

0  i  J  (3) 

denotes  me  Jacobian  of  the  deformation,  and  a  (o0)  the  densitv  in  a  f  ,  ,  , 

formed)  state  resnec r ive 1 „1  Th„  uensiti  m  the  deformed  (unde¬ 
automat  really  ’  invar  iant  unde;  rigid  rotationsinaoup!n-seTheoiem)ti0n  ^ 
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to  use  the  polarization,  because  in  the  Landau-Devonshire  theory  it  contains  the 
order  parameter. 

LAitDAU-  OEVONSH I  RE  FREE  ENERGY 


As  a  consequence  of  Toupin’s  Theorem  the  Taylor  expansion  of  the  Landau-Devonshire 
(LD)  energy  function  with  respect  to  elastic  and  electric  variables  must  be  expressed 
in  terms  of  the  LST  and  the  MMP,  or  their  proper  thermodynamic  conjugate  variables,  if 
the  expansion  coefficients  are  to  have  the  symmetry  of  indices  familiar  from  the  linear 
theory  of  elasticity  and  piezoelectricity.  The  Taylor  expansion  of  the  LD  free  energy 
density  per  unit  Initial  volume  p0F(n,li)  pertaining  to  a  centrosymmetric  prototype  phase 
has  the  form 


p  F(n,ii)  *  4c , .  +  4k  nil  +  -re . ,  n,.n,,n  -  4h  IT  n  n 

o  2  ijkl  ij  kl  2  rs  r  s  6  ijklmn  ij  kl  mn  2  rs,mn  r  s  n 

+  Ta  .n.  ,  n.  n  -  yh  IT  n  n  n  +  try  b  n  IT  n  IT  +  . 

24  jklmnpq  ij  kl  mn  pq  4  rs.mnpq  r  s  mn  pq  24  rstu  r  s  t  u 


The  coefficients  tijki...  are  the  isothermal  second,  third  and  fourth  order  elastic 
constants  according  to  the  definition  of  Brugger^,  the  hrs>nln...  are  the  first  and  sec- 
cond  order  electrostriction  coefficients,  and  the  brs*-*  are  the  second  and  fourth  order 
reciprocal  dielectric  susceptibilities.  All  coefficients  pertain  to  the  reference  state 
of  the  medium,  assumed  to  be  stress  free.  The  choice  of  the  kernel  letters  and  of  the 
signs  for  the  expansion  coefficients  follows  the  IEEE  convention^  for  the  linear  theory 
of  piezoelectricity  and  extends  it  to  the  nonlinear  elastic  dielectric,  except  that  the 
coefficients  are  referred  to  the  MMP. 

The  coefficients  are  invariant  under  exchange  of  indices  of  the  following  kind: 


l.  cijkl... 
II.  h 

rs,mn 

III.  b  ... 
rs 


(a)  Index  pairs,  e.g.  Cijkimn  *  Cklijmn;  (b)  Indices  within  a  given 
pair,  e.g.  Cij^imn  **  Cj^klmn- 

(a)  Indices  preceding  the  comma  (pertaining  to  the  MMP),  e.g.  hr3tlnn 
*  hsr i!an;  (b)  Index  pairs  following  the  comma  (pertaining  to  the  LST), 
e.g.  hrs>mnpq  *  hrs,pqmn>  Indices  within  a  given  pair  following  the 

comma  (pertaining  to  the  LST),  e.g.  hrs,mnpq  *  hrs^pq. 


Any  two  indices,  e.g.  b 


Alternatively,  the  LD  free  energy  density  may  be  expressed  as  a  function  of  the 
displacement  gradient  (DG)  v^j  *  [(3xi/3aj)  -  and  the  polarization  f  with  the 

Taylor  expansion: 


0QF(v,P) 


4c.,.,v  V  +  -rfi  P  P  4-  — C  V  V  ,v 

2  ijkx  ij  kl  2  rs  r  s  6  ijklmn  ij  kl  mn 


-  P  P  v 

2  rs,mn  r  s  mn 


+  "  r  V  V  V  V  —  — h  P  P  V  V  +  — ■  K  p  p  p  p 

24  ijklmnpq  ij  kl  mn  pq  4  rs.mnpq  r  s  mn  pq  24  rstu  rstu 


The  coefficients  cfjjd...,  hrs,mn —  and  brs —  represent  an  alternative  set  of  second 
through  fourth  order  elastic  constants,  first  and  second  order  electrostriction  con¬ 
stants,  and  second  and  fourth  order  reciprocal  dielectric  susceptibilities,  respect¬ 
ively.  Since  the  DG  is  not  symmetric  (vfj  +  vj^)  the  coefficients  Cijkl**-  and 
nrs,mn-**  are  noc  invariant  under  exchange  of  indices  within  a  given  pair  pertaining  to 
the  DG.  That  is,  the  cfjkl-..  only  have  the  symmetry  property  1(a)  but  not  1(b),  and 
the  hrs<nm  only  have  the  symmetry  properties  11(a)  and  11(b),  but  not ^ 11(c).  However, 
the  6rs...  and  the  brs . . .  have  the  same  symmetry  III,  so  one  expects  brs...  “  brs.... 

The  free  energy  function  p0P(viP)  is  constrained  by  the  rotational  invariance  condition, 
from  which,  following  Leibfried  and  Ludwig^,  it  may  be  deduced  that  certain  linear  com¬ 
binations  of  the  coefficients  c^j^...,  hrs,mn***>  etc.  obtained  by  index  permutation 
must  have  the  additional  symmetries  1(b)  and  11(c),  and  that  these  conditions  are 
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INVARIANT. . . 


equivalent  to  Equs.  (6a,b,c)  to  (8a, b)  given  below. 

RELATION  BETWEEN  EXPANSION  COEFFICIENTS  OF  p0F(?f,n)  AND  p  F(vf,P) 

The  relations  between  the  coefficients  etc.  and  the  CijiQ...,  etc.  are 

obtained  by  expanding  n  and  55  in  Equ.  (4)  with  respect  to  v  and  P,  and  equating  equal 
powers  of  Pr  and  vj^  in  Equs.  (4)  and  (5).  The  result  is: 


Cijkl 

cijklmnpq 

h 

rs  ,nm 
h 

rs,mnpq 
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rs 


ciikl  (6a) 


Cijklmn 


c .  . .  +  c .  . .  6,  +  c,  ,  ,  6.  +  c  ,.6., 

ljklmn  ijln  km  kljn  im  mnlj  ik 


c .  ,  +c .  ...  6  +c .  .  ,6,  +c  .6,  +c.  .  .  6 .  +c.  ,  .  6 . 

ijklmnpq  ijklnq  mp  ljmnlq  kp  ijpqln  km  klmnjq  ip  klpqjn  im 

+  c  6 , +c  ,  6.,  6  +c.  ,6  6.  +c .  6  6, 

mnpqjl  ik  jlnq  ik  mp  jnql  im  kp  jqln  ip  km 

h  +  b  6  +  b  £  -  2b  6 

rs,mn  rm  sn  sm  rn  rs  mn 

h  +2(h  6  +h  6  )+h  6  -  (h  6  +h  6  ) 
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rp,mn  sq  sp,mn  rq  rs  mq  np  mn  pq  rp  sq  sp  rq  mn 
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rm  sn  sm  rn  pq  mp  rn  sq  rq  sn  rm  sq  sm  rq  np 
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rp  sn  sp  rn  mq 


(«a) 


b  =  b 
rstu  rstu 


(8b) 


(6b) 

(6c) 

(7a) 


(7b) 


Table  I:  Correction  terms  to  third  order  elastic3 
and  first  order  electrostriction  constants  for  Oft 
symmetry  and  their  relative  magnitude  for  SrTi03 
and  NaCl  at  300K,  calculated  from  experimental 
data  of  Refs.  7  to  10. 


i jklmn 

ACijklmn 

acijklmn/cijklmn 

SrTiO?  NaCl 

111  11  11 

3C iiii 

-2.00  -0.18 

111  11  22 

Cl1?7 

-0.13  -0.25 

11  22  33 

0 

0  0 

11  12  12 

11  21  12 

11  21  21 

CH22+7C  1717 
C 1 2 1 2 

Ci  n  i 

-1.16  -0.64 
-0.41  -0.21 
-1.10  -0.82 

11  23  23;  11  32  32 
11  32  23 

C  1  1  22 

0 

-0.12  0.44 

0  0 

12  23  31;  21  32  13 
12  23  13;  12  32  13 

0 

C  1  7  1  2 

0  0 

1.38  0.49 

rs ,  mn 

Ahrs ,mn 

Ahrs ,mn/hrs ,mn 

SrTiOi  NaCl 

'ii,  ii 

0 

0  0 

111,  22 

-2b 

0.27  -0.31 

Il2,  12;  12,  21 

b 

-C.26 

aSecond  order  elastic  constants  are  given  in 
tensor  notation. 


DISCUSSION  AND  CONCLUSIONS 


Equ.  (6b)  has  been  given  before  by 
Leibfried  and  Ludwig6.  For  the 
higher  order  elastic  and  electro¬ 
striction  constants  Cijklmn- ••  and 
hrs.mn-*-  the  loss  of  symmetries  lb 
and  lie  arises  from  correction  terms 
of  lower  order  and  in  general  leads 
to  an  increase  in  the  number  of  in¬ 
dependent  coefficients. 

In  Table  I  the  correction  terms 
for  the  third  order  elastic  con¬ 
stants  and  for  the  first  order 
electrostriction  constants  are 
listed  for  the  cubic  point  group  Oj,, 
together  with  their  numerical  values 
for  SrTi03  and  NaCl.  The  correction 
terms  increase  the  number  of  third 
order  elastic  constants,  but  not  the 
number  of  electrostriction  constants . 
The  magnitude  of  the  correction  is 
in  general  quite  substantial.  How¬ 
ever,  because  of  the  Curie-Weiss  Law 
for  ferroelectric  materials  the 
correction  to  the  electrostriction 
coefficients  should  according  to 
Equs.  (7a, b)  vanish  at  the  Curie 
temperature . 


As  shown  elsewhere^!  it  is 
and  the  corresponding  LD  energy 


possible  to  construct  the  usual  thermodynamic  potentials 
functions  either  with  t  and  R,  and  their  conjugate 
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intensive  variables  tjj  “  p0(3F/3nij  )x,jj  and  fr  “  Po(3F/3nr)y  or  with  and  P,  and 
their  conjugate  intensive  variables  tjj  *  p0(3?/3vij)x(p  and  fer  *  p0(3F/3Pr)f It 
should  be  noted,  however,  that  the  Cauchy  stress  tensor  2f  »  {oij}  (force  per  unit  area 
in  the  deformed  state)  is  not  the  conjugate  variable  for  any  of  the  thermodynamic  potent¬ 
ials  so  introduced,  but  is  related  to  the  Piola-Kirchhof f  stress  tensor  i  *  (fil)  (force 
per  unit  area  in  the  reference  state)  byi  *  (1/J) (Sx^/Sa^jT where  the  Piola- 
Kirchhoff  stress  tensor  is  related  to  the  thermodynamic  tensions  tjd  by1  * 

(3xj/3an) tfcn.  The  electric  field  Er  is  related  to  the  conjugate  variable  fs  according 
to  Er  “  (3ar/3xs)fs.  Whereas  the  expansion  coefficients  of  the  thermodynamic  potentials 
with  respect  to  the  thermodynamic  tensions  t^j  have  the  full  symmetry  I(a,b),  II(a,b,c) 
and  III  as  listed  above,  the  higher  than  second  order  expansion  coefficients  with 
respect  to  the  asymmetric  Piola-Kirchhof f  stress  tensor  have  the  same  reduced  symmetry 
as  the  Cijkl-..,  rtc. 

The  choice  of  variables  is  a  matter  of  convenience  as  suggested  by  the  experimental 
situation.  However,  whenever  the  "physical"  variables  x,E  (or  v,P)  rather  than  the 
"thermodynamic"  variables  x,f  (or  n,II)  are  used,  the  number  of  independent  higher  order 
elastic  and  electrostriction  coefficients  is  increased,  and  the  experimental  data  cannot 
be  fitted  to  the  coefficients  pertaining  to  the  thermodynamic  variables,  which  possess 
the  full  symmetry  I(a,b,c)  to  III  listed  above. 

Furthermore,  in  spite  of  its  widespread  use,  the  linearized  strain  tensor  e^j  * 
(1/2) (vij+vji)  in  general  is  not  an  appropriate  strain  variable  in  a  ID  free  energy 
function,  and  its  use  amounts  to  replacing  the  correction  terms  in  Equs.  (6b, c)  and  (7b, 
c)  and  in  Table  I  by  their  average  values. 

The  symmetry-reducing  correction  terms  may  be  expected  to  be  especially  significant 
where  the  dependence  of  the  ferroelectric  or  ferroelastic  transition  on  stress  or  strain 
is  involved.  However,  for  zero  stress  or  strain  according  to  Equ.  (2)  the  MMP  n  reduces 
to  the  polarization  P,  and  the  familiar  results  of  the  LD  theory  are  recovered. 
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A  new  type  of  pressure  gauge  using  relaxor  ferroelectrics  such  as  the  Pb(Mgi,iNbi,j)Oj- 
PbTiOj-Ba(Zni,iNbi,j)Oj  ternary  solid  solution  is  described,  which  reveals  a  sensitive  pres¬ 
sure  characteristic  of  permittivity.  This  device  is  much  less  expensive  than  conventional  gauges 
and  is  very  compact. 


§1.  Introduction 

There  are  a  number  of  methods  for  measur¬ 
ing  stress  or  pressure,  based  on  various  physical 
phenomena  such  as  piezoresistivity,  piezomag¬ 
netism  and  piezoelectricity.  The  inverse  elec- 
trostrictiye  effect,  that  is,  the  pressure 
dependence  of  the  dielectric  constant,  offers 
another  possible  method. 

In  earlier  papers  concerned  with  the  elec- 
trostrictive  effects  in  Pb(Mg1/3Nb2;3)Oji;!) 
and  Pb(Znu3Nb2/3)03,3’  it  has  been  shown 
that  relaxor  ferroelectrics  have  the  capability 
of  producing  enormous  electrostriction.  Strains 
an  order  of  magnitude  larger  than  those  of 
piezoelectric  Pb(Zr,  Ti)03  ceramics  have  been 
demonstrated  in  the  solid  solution  Pb(MgI/3- 
Nb2/3)03-PbTi03.*,3)  In  the  inverse  elec- 
trostrictive  effect,  a  sensitive  pressure  charac¬ 
teristic  has  also  been  observed  in  the  same 
material.1’ 

This  paper  is  concerned  with  a  new  type  of 
pressure  gauge  using  relaxor  ferroelectrics  such 
as  the  Pb(MgU3Nb2,3)03-PbTi03-Ba(Znw3- 
Nb2/3)03  ternary  system.61  The  addition  of 
Ba(Znt  3Nb2/3)03  to  the  Pb(Mgw3Nb2/3)03- 
PbTiOj  solid  solution  results  in  astonishingly 
stable  temperature-characteristics  which  enable 
these  ceramics  to  be  used  in  high-sensitivity 
pressure  gauges. 

§2.  Theoretical  Background  of  A  New  Pressure 
Gauge 

For  a  parallel  plate  capacitor  with  an  area 
A  and  a  thickness  t.  the  capacitance  C  3nd  its 


variation  with  uniaxial  stress  X  perpendicular 
to  the  plate,  and  with  temperature  T,  are  given 
as  follows: 

C=e0eA/t,  (1) 

(. d  In  C/dX)-(d  In  &/dX)+{d  In  A/dX) 

-(a  Int/dX),  (2) 

( d  In  C/dD^id  In  e/8T)+(d  In  A/dT) 

-(d\nt/dT),  (3) 

where  «  is  the  relative  dielectric  constant  of 
the  material  and  e0  =* 8.854 x  10" u  Fm"1.  In 
the  paraelectric  state,  the  stress  dependence 
of  the  permittivity  is  related  to  the  electrostric- 
tive  coefficient  Qu  by 

WMIdX)»-2Qlx.  (4) 

By  use  of  the  defining  relations  for  thermal 
expansivity 

AUL  =  ctT,  (5) 

and  for  elastic  compliances 

Su-WtXdtldX),  (6) 

slJ-(l/2A)(dAldX),  (7) 

eqs.  (2)  and  (3)  can  be  written  as 

(]/CX8CldX)-2Ql  +  (2rI2  -  r,  t),  (8) 

(l/C)(dC!8T)-(\/e)(deldT)+*.  (9) 

When  hydrostatic  pressure,  instead  of  uni¬ 
axial  one,  is  applied  to  the  plate,  eq.  (8)  should 
be  replaced  by  the  following: 

(I/CXcC.'cp)- -2Qbe0e-fv3,  (10) 
where  the  sign  of  pressure  is  taken  as  positive 
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for  compression,  *T  >s  the  isothermal  com* 
pressibility  given  by  +  2s12,  and  Qh^Qn  + 
2  Gu¬ 
lf  the  condition  \(l/C)(dC/8X)\  or  |(1/C) 
(6Cldp)\»\(l!C)(8C/dD\  is  well  satisfied,  a 
thermally  stable  pressure  detector  based  on 
the  capacitance  measurement  can  be  con¬ 
structed.  Relaxor  ferroelectrics  which  have 
small  thermal  expansion,7'81  small  electrostric- 
tive  coefficients,  but  very  large  permittivity,*1 
excel  the  usual  perovslcite  ferroelectrics  (e.g. 
Pb(Zr,  Ti)0]  and  BaTi02-based  ceramics)  in 
this  application. 

§3.  Sample  Preparation 

The  solid  solution  O.dSPbfMg^Nb^lOj- 
0.36PbTi03-0.19Ba(Zn1/3Nb2/3)03  was  chosen 
because  of  its  stable  temperature  characteristic 
of  eiectrostriction  in  the  temperature  range 
—  20°C  to  +  50°C.  Ceramic  samples  were 
prepared  by  the  usual  solid  reaction  from 
mixed  oxides.  Reagent  grade  PbO,  MgO, 
Nb2Oj,  TiOj,  BaC03  and  ZnO  were  mixed  in 
the  appropriate  proportions,  ball-milled  in 
alcohol,  then  dried  and  calcined  in  air  in  a 
closed  alumina  crucible.  Calcining  temperature 
of  920CC  was  maintained  for  15  hours.  The 
resulting  calcine  was  ground  and  refired  for 
two  additional  15-hour  periods  at  950°C,  to 
ensure  complete  reaction.  After  cold  pressing 
into  disks  25.4  mm  in  diameter,  samples  were 
sintered  at  1300°C  for  2  hours  on  platinum 
setters  in  air.  The  final  densities  of  the  ceramics 
were  about  94  %  of  the  ideal  density. 

§4.  Basic  Experiments 

Dielectric,  thermal-dilatational  and  elec- 
trostrictive  experimental  data  are  described  for 
the  solid  solution  0.45  PbfMg^jNb,^)?^- 
0.36PbTiOi-0.19Ba(ZnWjNb2/j)O3. 

Figure  1  shows  the  permittivity  curves  at 
three  different  frequencies  plotted  as  a  function 
of  temperature.  The  addition  of  Ba(ZnWj- 
Nb2/3)Oj  to  the  PbfMg^jNbj/jJOj-PbTiOj 
solid  solution  results  in  an  improvement  in  the 
temperature  characteristic  of  the  permittivity 
around  room  temperature  (|(l/sXd*/3r)|  <5  x 
10**  K"1). 

Figure  2  shows  the  temperature  dependence 
of  thermal  strain  dL/L.  The  thermal  expansion 
coefficient  of  the  ceramics  in  the  temperature 
range  -20°C  to  +50°C  is  less  than  2x  10"4 


Fig.  1.  Dielectric  constant  of  O.aSPbfMg^Nbvs) 
OJ-0.36PbTiOJ-0.19Ba(Zni,jNb2/j)Oi  at  three 
different  frequencies  as  a  function  of  temperature. 


Fig.  2.  Thermal  strain  dL/L  in  O.SJPbfMg^Nbi,,) 

Oj-0.36PbTiO  j-0. 1 9Ba(Zn  ,/,NbJ(1)0>. 

K~\  which  is  much  smaller  than  those  of  a 
normal  perovslcite  (~  10  x  10"4  K"‘). 

Figure  3  shows  the  transverse  electrostrictive 
strain  (contraction)  plotted  as  a  function  of 
bias  field  at  several  different  temperatures.  The 
induced  strain  at  room  temperature  ap¬ 
proaches  10"*  at  a  field  of  15  kV/cm,  with  a 
slight  hysteresis  under  rising  and  falling  fields. 
Thermal  variations  of  the  electrostrictive  effect 
are  extremely  small  compared  with  other  fer¬ 
roelectrics.  Electrostrictive  coefficient  Ql2  de¬ 
fined  by  S2*>Ql2Pf,  where  S2  is  the  transverse 
elastic  strain  and  Pt  is  the  polarization  induced 
by  an  electric  field,  is  calculated  to  be  - 1.6  x 
10" 2  m*C"2  for  the  ceramics. 

§5.  Pressure  Gauges 

The  capacitance  change  with  uniaxial  stress 
can  be  estimated  as  follows,  using  the  experi¬ 
mental  data  for  0.45  Pb(Mgl;3Nb2/3)03- 
0.36PbTiO3-0. 19Ba(ZnI/3Nb2/3)03:  Qu  => 

4.1  x  10*2  [m*C-2],  s(^  =  0)  =  4500.  rM-10x 
10"*  [kbar* *],  j12= -3  x  10"*  [kbar"1]  (the 
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Electric  Field  (kV/cm) 


Fig.  3.  Transverse  electros tnctive  strains  of  0.45Pb 

(MgujNbjjjXJj-OJfiPbTiOi-O.^BaiZn^iNbi,*) 

Oj  as  a  function  of  bias  Add  at  several  temperature*. 


value  estimated  from  Reference  (2»,  |(l/e) 
(ae/ar)|-5xlO-“[K-1],  and  «-2xl0‘s 
[K*1].  Equations  (8)  and  (9)  become 

(l/cxac/ajr)=0.33  [kbar-  ‘1,  (1 1) 

and 

l(i/cxac/ar)i=5xio-4[K-‘].  (12) 

The  capacitance  change  with  hydrostatic  pres* 
sure  can  also  be  estimated  as 

(l/cxac/dp)-  -7.1  X  10- 2  [kbar*1].  (13) 

Since  the  value  of  \(l/e)(de/dT)\  is  extremely 
small  near  room  temperature,  the  capacitance 
fluctuations  caused  by  temperature  changes 
( e.g .,  room  temperature  variations  and  the 
temperature  change  caused  by  adiabatic  com¬ 
pression)  are  almost  negligible. 

Two  plate  capacitors  with  dimensions  9.6 
mm  x  8.1  mm  x  1.4  mm  and  6.4  mm  x  6.5  mm  x 
0.25  mm  were  used  as  a  uniaxial  stress  gauge 
and  a  hydrostatic  pressure  gauge,  respectively. 
After  cutting  and  polishing,  gold  electrodes 
were  sputtered  on,  and  the  samples  were  an¬ 
nealed  at  500°C  for  30  minutes. 

The  uniaxial-stress  gauge  chip  mounted 
between  teflon  sheets  was  positioned  in  an 
Instron  stressing  machine.  The  capacitance 
was  measured  with  an  automatic  capacitance 
meter  accurate  to  0.05  °0  of  the  reading,  for 


smaller  than  the  capacitance  fluctuations 
caused  by  temperature  changes.  The  3001 
digital  capacitance  meter  manufactured  by 
Continental  Specialities  Corporation,  CA  is 
an  inexpensive  choice.  Figure  4  shows  a  typical 
plot  of  capacitance  as  a  function  of  rising  and 
falling  uniaxial  stress.  A  slight  hysteresis  due 
mainly  to  slippage  of  the  teflon  buffer  was 
observed. 

The  capacitance  sensor  for  hydrostatic- 
pressure  with  two  lead  wires  was  immersed  in  a 
pressure  vessel  (Pressure  Products,  PA).  Figure 
5  shows  a  capacitance  versus  hydrostatic- 
pressure  curve.  The  capacitance  change  is 
linear  with  the  hydrostatic  pressure  in  the 
region  below  1  kbar  and  deviates  slightly  from 


Uniaxial  Stress  (compression)  kbar 


Fig.  4.  Capacitance  versus  uniaxial-stress  curve  for 
0.43Pb(Mgl„Nb,/J)O1-0.36PbTiO,-0.19Ba 
(Zni/jNb2,i)Oj. 


Hydrostatic  Pressure  ( kbar ) 


Fig.  5.  Capacitance  versus  hydrostatic-pressure 
curve  for  (MSPbtMgujNbKjlOs-O.SbPbTiOj- 
0.19Ba(Zn,,}Nb:/j,)Oj. 
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a  straight  line  at  higher  pressures.  The  ac¬ 
curacy  of  the  pressure  reading  is  governed 
mainly  by  temperature  fluctuations  and  is 
about  ±  10  bar  for  fluctuations  of  ±  1°C, 
which  is  the  same  order  of  magnitude  as  the 
accuracy  of  an  expensive  Heise  gauge  (Heise, 
CT),  ±  8  bar. 

Agreement  between  the  slopes  estimated  in 
eqs.  (11)  and  (13)  and  those  observed,  is  fairly 
good. 

§6.  Summary 

The  new  pressure  gauge  constructed  from 
relaxor  ferroelectrics  is  much  less  expensive 
than  conventional  gauges  (less  than  one-tenth 
in  price,  including  a  capacitance  meter)  and  is 
very  compact. 

Relaxor  ferroelectrics  with  very  large  permit¬ 
tivity,  small  thermal  expansion  and  excellent 
temperature-stability  of  the  permittivity,  are 
preferred  to  the  usual  perovskite  dielectrics. 
Based  on  eqs.  (8),  (10),  (11)  and  (13),  the 
dimensions  of  the  device  have  little  effect  on 


the  sensitivity.  We  can  use  much  smaller 
gauges  than  those  used  in  this  study  if  the 
capacitances  lie  in  a  suitable  range  for  the 
capacitance  meter. 
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Abstract—  Complex-perovski  te  ferroelectric  relaxors  A(BiBV  103  have  isotropic 
appearance  in  the  polar  phase,  as  demonstrated  by  Pb(Mg-j /3ND2/3)03  and  B-site  dis¬ 
ordered  Pb{Sci/2Ta]/2)°3  crystals.  In  Pb(Sci^2^al/2)03,  ordering  of  the  B-site 
cations  causes  birefringence  and  ferroelectric  domains  to  appear.  Pb(Sci/2Nbi/2)03 
shows  an  intermediate  behavior.  In  the  ferroelectric  phase  all  three  materials 
show  rhombohedral  syimietry.  Comparison  of  the  ordered  and  the  disordered 
Pb(Sci/2Tai/2)03  supports  the  theory  that  the  optical  anomaly  in  ferroelectric 
relaxors  results  from  existence  of  microdomains  due  to  compositional  fluctuation. 


introduction 

Complex-perovski te  ferroelectric  relaxors  A(B'xBi_x)03  are  optically  isotropic  in 
the  polar  phase.  They  have  diffuse  phase  transition  due  to  the  compositional  fluctua¬ 
tions.  In  the  transition  range,  ferroelectric  microdomains  of  %100A  can  be  formed  inde¬ 
pendently.  Being  smaller  than  the  wavelength  of  visible  light,  the  size  of  the  micro¬ 
domains  can  account  for  the  observed  optical  isotropy1 >2 

Pb(Sci/2^al/2)03  (psT)  can  be  prepared  with  various  degrees  of  B-site  order3.  It 
has  been  shown  tnat  disordering  of  B-site  cations  changes  the  material  from  an  almost 
normal  first-order  ferroelectric  to  a  ferroelectric  relaxor4.  In  the  present  work  ano¬ 
malies  in  the  birefringent  properties  of  ferroelectric  relaxors  are  studied.  Measure¬ 
ments  performed  with  Pb(Sc,5Nb.5)03  (PSN),  Pb(Mgi/3Nb2/3)03  (PMN)  and  Pb(Sci/2Tai/2)03 
are  compared. 

EXPERIMENTS 

The  samples  used  were  flux  grown  single  crystals. 

-ordered  and  disordered  PST4 

-PSN  as  grown  and  PSN  fired  at  1350°C  for  2  hours 
-PMN 

The  materials  were  studied  with  a  polarizing  microscope  using  hot  or  cold  stage 
as  needed.  For  birefringence  measurements,  a  rotating  analyzer  apparatus  with  He/Ne 
light  source3  was  used. 
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RESULTS 


Disordered  Pb(Sq/2^al/2)03 

Disordered  PST  is  a  ferroelectric  with  diffuse  phase  transition.  It  remains  optic- 
ally  isotropic  far  below  the  transition  temperature.  When  electric  field  is  applied 
reversible  birefringence  is  observed.  Ferroelectric  domains  can  be  seen  at  tempera¬ 
tures  lower  than  -37°C.  Upon  removal  of  the  field,  residual  birefringence  remains 
(Figure  1).  The  direction  of  the  domain  walls  and  the  symmetrical  extinction  indicate 
rhombohedra 1  symmetry. 


FIGURE  1.  Ferroelectric  domains  in  dis¬ 
ordered  PST.  T=-95°C,  E=0.  Cooled  with 
E=10  KV/cm  (001)  plate  (X80). 


FIGURE  2.  Ferroelectric  domains  in 
ordered  PST.  T=-120°C  (001)  plate 
( X70) . 


Ordered  Pb(Sci/2Ta]/2)03 

Ordered  PST  is  a  ferroelectric  with  sharp  first  order  transition  spontaneous  bi¬ 
refringence  and  domain  walls  corresponding  to  rhombohedral  symmetry  appear  when  cooling 
below  the  transition  (Figure  2).  Applying  electric  field  jn  the  [001]  direction  re¬ 
sults  in  an  increase  of  the  domain  wall  density.  In  a  (112)  plate,  (100)  domain  walls 
disappear  when  an  electric  field  is  applied  parallel  to  [111]  and  (110)  walls  appear 
instead.  Removal  of  E  at  low  temperatures  leaves  this  picture  unaltered.  At  tempera¬ 
tures  near  the  transition  the  domains  switch  back  to  the  original  rhombohedral  direc¬ 
tion. 

The  apparent  birefringence  versus  temperature  of  a  multidomain  (100)  plate  of 
ordered  and  disordered  PST  is  shown  in  Figure  3. 

Pb(Sci/2Nb1/2)03 

As-grown  PSN  shows  rhombohedral  symmetry  at  room  temperature.  The  birefringence 
change  at  the  transition  is  sharp  with  a  small  thermal  hysteresis  (Figure  4).  Super¬ 
lattice  reflections  could  not  be  detected  by  x-ray.  Spontaneous  birefringence  appears 
also  in  samples  quenched  from  high  temperature  for  enhancing  the  B-site  disorder.  How¬ 
ever,  the  transition  is  less  sharp  in  this  case. 
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FIGURE  3.  Birefringence  vs  temperature 
for  PST:  1 -ordered  PST;  2-disordered  PST 
cooled  under  10  KV/cm;  3-disordered  PST 
cooled  wi  thout  E. 


FIGURE  4.  Apparent  birefringence  versus 
temperature  for  PSN  multidomain  (001)  plates. 
1-as  grown;  2-after  2  hrs  at  1350°C. 


Pb(Mg1/3Nb2/3)03 

Birefringence  is  seen  below  the  transition  only  after  an  electric  field  is  applied. 
The  (001)  plate  shows  symmetrical  extinction.  Domain  spikes  appear  only  after  rever¬ 
sing  the  applied  field  a  few  times.  Birefringence  versus  temperature  is  consistent  with 
previous  reports2.  When  E  is  applied  along  [HI],  (100)  domain  walls  are  clearly  ob¬ 
served  in  (112)  plate  (Figure  5).  Extinction  direction  and  walls  orientation  corres¬ 
pond  to  rhombohedral  symmetry  and  not  to  the  previously  reported  orthorhombic2  or  tet¬ 
ragonal  0  unit  cell . 


FIGURE  5.  Ferroelectric  domains  in  a 
PMN  (112)  plate.  T  =  -120°C.  Cooled  with 
E  =  5  KV/cm  at  the  [111]  direction. 


CONCLUSION 

As  has  been  previously  seen  for  dielec¬ 
tric  properties4  also  the  optical  behavior  of 
PST  depends  on  the  order  in  the  B-cation  site. 

Ordered  PST  behaves  like  a  normal  ferro¬ 
electric  with  a  sharp  phase  transition.  Upon 
disordering  alone  the  material  becomes  optic¬ 
ally  isotropic  in  the  ferroelectric  phase, 
similar  to  Pb(Mg-) /3Nb2/3)03.  In  disordered  PST 
the  spontaneous  birefringence  remains  after 
the  field  is  switched  off  below  -40°C.  This 
behavior  is  identical  to  that  of  other  ferro¬ 
electric  relaxors  and  therefore  supports  the 
view  that  the  optical  anomaly  in  ferroelectric 
relaxors  results  from  existence  of  microdo¬ 
mains  due  to  compositional  fluctuations. 
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Composites  of  PZT  and  polymer  with  3-1  and  3-2  connectivity  patterns  have  been  fabricated  by  drilling  holes  in  sin¬ 
tered  PZT  blocks  and  filling  the  holes  with  epoxy.  The  influence  of  hole  size  and_ volume  fraction  PZT  on  the  hydro¬ 
static  properties  of  the  composite  was  evaluated.  8y  decoupling  the  piezoelectric  dn  and  d,,  coefficients  in  the  compo¬ 
site.  the  hydrostatic  coefficients  are  greatly  enhanced.  On  samples  optimized  for  hydrophone  performance,  the 
dielectric  constants  of  3-1  and  3-2  composites  are  600  and  300  respectively  The  piezoelectric  coefficients  dh.  g».  and 
g»d*  for  3-1  composites  are  230  (pCN'1 ),  34  (xIO'1  VmN'1).  and  7800  ( I0'l!  m2N_l)  respectively,  and  the  corresponding 
values  for  3-2  composites  are  372  (pCN’1).  123  (I0‘*  VmN’1).  and  43000  (t0’l!  m2N"'). 


1.  INTRODUCTION 

In  recent  years  several  types  of  PZT-polymer 
composites  have  been  fabricated  to  improve  the 
piezoelectric  properties  of  poled  PZT  (lead  zirco- 
nate  titanate)  ceramics.  Different  types  of  macro¬ 
symmetry  and  interphase  connectivity  were  uti¬ 
lized  in  the  design  of  the  PZT-polymer  composites 
listed  tn  Table  I.1’1  Here  connectivity  1-3  means 
that  the  PZT  phase  is  self-connected  in  one  direc¬ 
tion.  and  the  polymer  phase  is  self-connected  in 
all  three  directions.  In  all  composites,  the  dielec¬ 
tric  constant  K»  of  solid  PZT  is  lowered  by  the 
introduction  of  a  polymer  phase,  and  in  all  cases 
the  hydrostatic  piezoelectric  charge  coefficient  dh 
is  also  enhanced.  The  hydrostatic  piezoelectric 
voltage  coefficient  g*  and  the  dhgh  product  used  as 
a  figure  of  merit  for  hydrophone  application  are 
therefore  considerably  enhanced  in  all  the  compo¬ 
site  designs. 

Klicker  et  a/.*  have  fabricated  1-3  composites  of 
PZT  rods  embedded  in  an  epoxy  matrix.  As 
shown  in  Table  I.  these  composites  have  better 
piezoelectric  properties  than  solid  PZT.  The  hy¬ 
drostatic  coefficients  dh  and  g*  are  a  function  of 
the  dimension  of  PZT  rods,  the  spacing  between 
the  PZT  rods,  and  the  thickness  of  the  composite. 
Based  on  the  previous  work  with  PZT-polymer 
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composites  and  on  simple  series  and  parallel 
models.1  it  is  clear  that  the  difference  in  the  elastic 
compliances  of  the  PZT  and  epoxy  has  a  favor¬ 
able  influence  on  piezoelectric  properties  by  alter¬ 
ing  the  stress  pattern  inside  the  composites. 

Rittenmyer  et  at have  fabricated  3-3  compo¬ 
sites  of  PZT  and  polymer  (poiymethyl  methacry¬ 
late)  with  PZT  powder  in  an  organic  binder  and 
firing  the  mixture  to  give  a  ceramic  skeleton. 
After  cooling,  the  ceramic  skeletons  were  back¬ 
filled  with  polymer  (Burps  composites).  As  shown 
in  Table  I.  these  composites  have  better  piezoelec¬ 
tric  and  mechanical  properties  compared  to  1-3 
composites  of  PZT  rods  with  epoxy.  In  addition, 
the  Burps  composites  are  much  easier  to  prepare. 

The  present  study  focuses  on  composites  with 
3-1  and  3-2  connectivity  patterns,  in  which  the 
PZT  phase  is  self-connected  in  three  dimensions 
and  the  polymer  phase  is  self-connected  in  either 
one  or  two  dimensions.  Samples  were  prepared  by 
drilling  holes  in  sintered  PZT  blocks  either  in  one 
direction  (3-1  connectivity)  or  in  two  directions 
(3-2  connectivity)  and  backfilling  the  perforated 
PZT  blocks  with  a  suitable  polymer.  Enhance¬ 
ment  of  dh  was  anticipated  in  these  composites  be¬ 
cause  of  the  modified  stress  distribution  within 
the  composite. 

2.  SAMPLE  PREPARATION 

PZT-polymer  composites  were  prepared  by  drill¬ 
ing  holes  in  sintered  PZT  blocks  and  filling  the 
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TABLE  I 


Piezoelectric  Properties  of  PZT-Polymer  Composites 


Kn 

i(PCN''> 

g»(IO’’  VmN"1 ) 

dkgk  (10'1’  m’N'1) 

Reference 

PZT 

1600 

50 

4 

200 

Presem  work 

PZT  particles  in  silicone  rubber 
mainx  (0-3  connectivity) 

too 

28.3 

32 

900 

4 

PZT  replamine  in  a  silicone  rubber 
matrix  (3-3  connectivity) 

50 

35.8 

80 

2800 

2 

PZT  rods  in  an  epoxy  matrix 
(1-3  connectivity) 

200 

77.6 

40.4 

3138 

5 

PZT  rods  m  a  polyurethane  matrix 
(1-3  connectivity) 

83 

1J6.2 

239 

42100 

5 

Burps  composite  (epoxy  matrix) 

(3-3  connectivity) 

500 

120 

27 

3200 

3 

Burps  composite  (silicone  rubber 
matrix  (3-3  connectivity) 

300 

260 

100 

26000 

3 

perforated  block  with  a  polymer.  To  prepare  the 
ceramic.  95  wt%  of  PZT  501Af  was  mixed  with  5 
wt%  of  15%  PVA  solution.  After  mixing  and  dry¬ 
ing  the  powder,  square  pellets  measuring  2  cm  on 
edge  and  4  to  8  mm  thick,  were  pressed  at  20.000 
psi  (140  MPa).  The  pellets  were  placed  on  a  plati¬ 
num  sheet  and  the  binder  was  burned  out  at  550°C 
for  one  hour.  Sintering  was  carried  out  in  a  sealed 
alumina  crucible  using  a  silicon  carbide  resistance 
furnace  at  a  heating  rate  of  200°C  per  hour,  with 
a  soak  period  of  one  hour  at  1285aC.  A  PbO-rich 
atmosphere  was  maintained  with  sacrificial  ce¬ 
ramic  pellets  of  composition  97  mole%  PZT  and  3 
mole%  PbO  inside  the  crucible.’  After  firing,  the 
samples  were  polished  and  cut  into  smaller  pieces 
of  various  dimensions.  Air-dried  silver  paste  elec¬ 
trodes  i  were  applied  to  the  pellets.  Poling  was 
done  in  a  stirred  oil  bath  at  140°C  at  a  field  of  25 
KV/cm  for  three  minutes.  After  poling,  three  or 
four  holes  were  drilled  perpendicular  to  the  poling 
direction  using  an  ultrasonic  cutter.f  Samples 
were  prepared  with  different  hole  sizes  and  hole 
separation  X  (Figure  8a).  The  drilled  samples  were 
then  placed  in  a  small  plastic  tube  and  a  commer¬ 
cial  polymer  (vinylcyclohexene  dioxide-epoxy |j_) 
was  poured  into  the  tube.  The  epoxy  was  cured 


t  Ultrasonic  Powders.  Inc..  South  Plainfield.  NJ  (PZT  50 1 A ). 
{ Materials  for  Electronics,  Inc..  Jamaica.  NY.  Demetron 
200. 

§  Sheffield  Ultrasonic  Machine  Tool.  Dayton  OH. 

||  Spurrs  low  viscosity  embedding  media.  No.  5135,  Poly- 
sciences  Inc..  Warrington.  PA.  18976, 


at  70°C  for  eight  hours.  Finally,  the  composites 
were  polished  on  silicon  carbide  paper  to  expose 
the  PZT  and  to  ensure  that  the  faces  of  the  disk 
were  smooth  and  parallel.  Electrodes  of  air-dried 
silver  paste  were  applied  and  the  composites  were 
aged  for  at  least  24  hours  prior  to  any  measure¬ 
ment.  Some  of  the  3-1  and  3-2  composites  are 
shown  in  Figure  1. 


3.  MEASUREMENTS 

The  dielectric  constants  and  loss  factors  of  all  the 
samples  were  measured  at  a  frequency  of  1  KHz 
using  an  automated  capacitance  bridge.  {  The  pie¬ 
zoelectric  coefficient  d,,  along  the  poling  direction 
was  measured  using  a  du  meter,  ft  The  hydros¬ 
tatic  piezoelectric  tfj#  was  measured  by  a  pseudo¬ 
static  method.5  Samples  were  immersed  in  an  oil- 
filled  cylinder,  and  pressure  was  applied  at  a  rate 
of  3.5  MPa/sec.  The  resulting  charge  was  col¬ 
lected  with  a  Keithley  electrometer^  operated  in 
a  feedback  charge  integration  mode.  The  piezo¬ 
electric  voltage  coefficients  gjj  =  djj/eoATjj  and 
gh  —  dh/toJCu  were  calculated  from  the  measured 
values  of  t?jj,  <4  and  X». 


1  Hewlett  Packard  (Model  4270A)  Automated  Capacitance 
Bridge.  Hewlett  Packard.  1-59- 1  Yovogi.  Tokyo.  Japan  151 
+t  Berlmcourt  (Model  333)  dtt  meter.  Channel  Product. 
Inc..  16722  Park  Circle  Drive.  Chagrin  Falls.  OH.  44020. 

Keithley  (Model  616)  Digital  Electrometer.  Keithley  In¬ 
struments.  Inc..  Cleveland.  OH. 
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4.  RESULTS  AND  DISCUSSION 

Unless  otherwise  stated,  the  results  refer  to  com¬ 
posites  with  3-1  connectivity.  The  dielectric  con¬ 
stants  for  3-1  composites  are  plotted  in  Figures  2 
and  3  as  a  function  of  X  (the  center-to-center  dis¬ 
tance  for  adjacent  holes)  for  two  different  hole 
sizes.  The  dielectric  constant  increases  iinearly 
with  X  at  lower  values  of  X.  but  reaches  a  satura¬ 
tion  value  for  higher  values.  Composites  with 
smaller  thicknesses  have  lower  dielectric  con¬ 
stants.  Also,  it  is  observed  that  for  the  same  D/t 
(diameter  to  thickness  ratio),  composites  with 
smaller  diameter  holes  have  higher  dielectric  con¬ 
stants  than  composites  with  larger  holes  (see  Fig¬ 
ures  2  and  3).  Dielectric  constants  of  3-2  compo¬ 
sites  were  much  lower  than  the  3-1  composites  for 
samples  with  identical  hole  sizes  (Table  II).  Calcu¬ 
lated  values  of  dielectric  constants  are  also  plotted 
in  Figures  2  and _3  for  comparison. 

The  values  of  da  were  used  as  a  measure  of  the 
degree  of  poling.  Measured  values  of  da  for  3-1 
composites  are  plotted  as  a  function  of  X  in  Fig¬ 
ure  4,  It  is  observed  that  da  increases  linearly  with 
X  at  lower  values  of  X ,  but  approaches  a  satura¬ 
tion  value  at  higher  values  of  X.  Each  of  the  data 
points  represents  the  average  of  at  least  twelve 


value  measurements  at  different  places  on  the 
clectroded  surface  of  the  composites.  The  meas¬ 
ured  values  of  da  in  the  regions  over  the  holes 
were  about  10%  lower  than  the  d '»  values  in  solid 
regions  (Figure  8a).  It  is  significant  that  the  da  val¬ 
ues  for  most  of  the  composites  exceed  300  pC/N, 
which  is  close  to  the  da  coefficients  of  solid  PZT 
(400  pC/N).  It  is  found  that  in  all  composites  da 
decreases  slightly  with  thickness.  Also,  composites 
with  smaller  hole  sizes  had  larger  da  coefficients 
than  composites  with  larger_hole  sizes.  In  all  3-2 
composites  the  measured  da  values  were  also 
higher  than  300  pC/N  (Table  I). 

|  In  Figure  5  the  hydrostatic  piezoelectric  coeffi- 
I  cient  (dk)  of  3-1  composites  is  plotted  as  a  func¬ 
tion  of  X  for  different  thicknesses.  A  broad  max¬ 
imum  is  observed  for  X  values  between  4  and 
j  4.5  mm  for  composites  containing  60%  to  70% 
PZT  by  volume.  Figure  6  shows  dk  plotted  as  a 
!  function  of  thickness  for  composites  with  different 
j  X.  Again  it  is  found  that  7*  increases  with  thick¬ 
ness.  up  to  certain  thickness,  and  then  decreases, 
i  Figure  7  shows  the  effect  of  poling  on  the  values 
of  dk,  when  poling  is  carried  out  at  several  differ¬ 
ent  stages  in  the  process: 

1.  Poling  PZT  block  before  drilling  the  holes. 
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TABLE  II 


Hole  Size 
(mm) 

Composite 

Thickness 

(mm) 

X 

(mm) 

K» 

d.i 

(PCN-1 

In 

)  ( 10’1  VmN"1 ) 

<U 

(PCN‘‘) 

h 

(10’’  VmN'') 

i 4|» 

(to"’  M-'N 

Perforated  PZT/epoxy 
(3-1  connectivity) 

3.2 

6.3 

4.25 

810 

340 

47 

210 

29 

6000 

Perforated  PZT/epoxy 
(3-1  connectivity) 

3.2 

6 

4.23 

760 

350 

52 

230 

34 

7800 

Perforated  PZT/epoxy 
(3-1  connectivity) 

3.2 

3.5 

4.25 

740 

330 

50 

200 

30 

6000 

Perforated  PZT/epoxy 
(3-1  connectivity) 

3.2 

4.5 

4.25 

680 

320 

53 

190 

31 

5900 

Perforated  PZT/epoxy 
(3-1  connectivity) 

4.2 

6.8 

4.75 

470 

290 

70 

190 

46 

8600 

Perforated  PZT/epoxy 
(3-1  connectivity) 

4.2 

6.5 

4.75 

450 

290 

73 

222 

56 

12300 

Perforated  PZT/epoxy 
(3-1  connectivity) 

4.2 

6 

4.75 

425 

280 

74 

170 

45 

7600 

Perforated  PZT/epoxy 
(3-1  connectivity) 

4.2 

5.5 

4.75 

410 

275 

76 

120 

33 

3950 

Perforated  PZT/epoxy 
(3-2  connectivity) 

3.2 

6.7 

4.5 

360 

290 

90 

238 

74 

17600 

Perforated  PZT/epoxy 
(3-2  connectivity) 

3.2 

6.2 

4.5 

330 

290 

99 

294 

100 

29000 

Perforated  PZT/epoxy 
(3-2  connectivity) 

3.2 

6 

4.5 

320 

300 

105 

322 

113 

36300 

Perforated  PZT/epoxy 
(3-2  connectivity) 

3.2 

5.8 

4.5 

290 

290 

114 

329 

128 

42000 

Perforated  hollow  PZT 
sealed  with  polymer 
(3-2  connectivity) 

3.2 

6.2 

y 

340 

340 

112 

372 

123 

45700 

2.  Poling  the  perforated  PZT  before  filling  it 
with  epoxy. 

3.  Poling  after  embedding  the  perforated  PZT 
block  with  epoxy. 

From  these  experiments  it  was  concluded  that  to 
get  higher  values  of  dt,  it  is  necessary  to  prepole 
the  PZT  blocks  before  drilling. 

Itjhould  be  emphasized  that  for  all  composites, 
the  di,  coefficients  are  at  least  twice  that  of  solid 
PZT  (50  pC/N).  Hydrostatic  coefficients  for  the 
3-2  composites  are  much  larger  than  those  of  3-1 
composites.  An  even  higher  value  of  d it  was  ob¬ 
served  when  measurements  were  made  on  perfo¬ 
rated  blocks  of  PZT  in  which  the  open  sides  were 
enclosed  with  a  thin  polymer  sheet,  thereby  keep¬ 
ing  the  inside  region  completely  empty.  When 
measured  in  this  way  a  dt,  value  of  nine  times 
greater  than  that  of  solid  PZT  was  observed 
(Table  II). 

Some  typical  values  of  Kt),  d»,  and  d±  are  given 
in  Table  II.  It  is  important  to  note  that  dt,  depends 
markedly  on  the  thickness  of  the  PZT  region 
above  and  below  the  holes  (see  Figure  8a).  There 


- 

is  a  critical  thickness  or  which  dt,  becomes  a  max¬ 
imum  (Table  II). 

Piezoelectric  voltage  coefficients  gn  and  gt,  are 
also  substantially  larger  than  those  of  solid  PZT. 
As  shown  in  Table  II.  the  piezoelectric  voltage 
coefficients  and  the  hydrostatic  voltage  coeffi¬ 
cients  gt,  are  very  large  for  3-2  composites.  The 
dhgi,  product  used  as  a  figure  of  merit  for  hydro¬ 
static  applications  is  more  than  200  times  the  cor¬ 
responding  value  for  solid  PZT. 


5.  THEORETICAL  MODEL 

The  physical  properties  of  3-1  composites  can  be 
approximated  with  the  model  illustrated  in  Fig¬ 
ure  8.  For  simplicity,  consider  a  square  of  length  / 
whose  area  is  egual  to  that  of  a  circle  with  radius 
r.  Then  /  =  r\Jrr. 

We  can  visualize  the  3-1  composite  as  made  up 
of  two  parts  A  and  B  connected  in  parallel  as 
shown  in  Figure  8b.  Part  B  is  composed  of  two 
phases  connected  in  series.  PZT  and  polymer.  The 


FIGURE  7. 


A.  SAFARI  tl  at. 


following  quantities  can  be  defined  with  respect  to 
the  dimensions  of  the  composites. 

v  (volume  fraction  of  PZT  of  part  A)  =  (£.,  — 
nl)/Li 

(volume  fraction  of  part  B)  =  nl/L\ 

(volume  fraction  of  PZT  in  part  B)  =  (Li  — 

IVL, 

(volume  fraction  of  polymer  in  part  B)  = 

I/Li 

where  Li  and  Li  are  length  and  thickness  of  com¬ 
posite  and  it  is  the  number  of  holes. 


5. 1  Dielectric  Constant 

The  component  of  the  dielectric  constant  of  inter¬ 
est  is  A'„.  since  the  electrode  surfaces  are  perpendicu¬ 
lar  to  the  poling  direction.  In  the  notation  used 
here.  K n  is  the  dielectric  constant  of  the  compo¬ 
site.  ■%!  the  dielectric  constant  of  PZT,  '"Ka  that 


of  the  polymer,  and  *Ka  is  the  dielectric  constant 
of  part  B.  Since  part  A  and  part  B  are  in  parallel 
connection, 

KSJ  =  +  "y'Ka 

Because  PZT  and  polymer  in  part  B  are  in  scries 
connection  we  can  apply  series  model: 


Using  these  relations  we  can  calculate  ATjj  of  com¬ 
posites.  Since  =  1600  and  :bK»  =  5.  most  of 
the  contribution  to  Ka  comes  from  part  A.  which 
is  PZT.  Calculated  values  arc  plotted  in  Figures  2 
and  3.  In  general,  the  measured  dielectric  con¬ 
stants  are  somewhat  higher  than  the  predicted 
values.  This  may  be  due  to  the  approximations 
involved  in  the  above  calculations.  The  contribu¬ 
tion  to  the  dielectric  constant  from  part  B  may  be 
much  higher  than  that  assumed  above  because  of 
the  bending  of  the  flux  lines  around  the  holes  con¬ 
taining  the  polymer. 
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5.2  Piezoelectric  Coefficients 

The  longitudinal  coefficient  dn  relates  the  polari¬ 
zation  component  Pi  to  stress  component  01  by 
the  following  relation:  Pi  =  dnoi.  As  stated  ear¬ 
lier.  the  dn  values  of  3-1  composites  are  siightly 
smaller  than  that  of  solid  PZT.  In  a  composite 
most  of  the  stresses  are  borne  by  the  ceramic,  and 
if  the  stress  transfer  to  the  vertical_columns  (sec¬ 
tion  A.  Figure  8b)  is  complete,  the  dn  of  the  com¬ 
posite  should  be  equal  to  the  value  of  dn  for  PZT. 
But  because  of  the  curved  shapes  around  the  per¬ 
forations,  the  stress  distribution  in  the  composite 
is  not  as  simple  as  the  model  predicts.  Horizontal 
components  of  stress  are  produced  which  lower 
the  dn  coefficient. 

The  hydrostatic  coefficient  of  the  composite  is 
given  by  the  relation  d n  —  dn  4*  2dn .  In  a  solid 
PZT  ceramic,  the  value  of  dn  is  low  due  to  the  fact 
that  dn  »  —  2d}).  In  the  3-1  composites  the  arc¬ 
like  geometry  of  the  composite  results  in  mechan¬ 
ically  stiffened  electrodes  which  transfer  the  hori¬ 
zontal  stress  pattern,  significantly  lowering  dn. 
and  enhancing  dn.  The  fag  that  in  some  of  the  3-1 
and  3-2  composites  dn  =»  dn  clearly  indicates  that 
dn  is  almost  zero  in  some  cases. 


SUMMARY 

A  simple  technique  for  fabricating  PZT  polymer 
composites  with  j-l  and  3-2  connectivity  patterns 
has  been  proposed.  These  composites  exhibit  bet¬ 
ter  piezoelectric  properties  than  the  previously 


studied  PZT  polymer  composites  with  different 
types  of  connectivity  patterns.  For  3-2  composites 
the  Kn.  dn.  gn.  and  dngn  values  are  300,  370  X  10'11 
C/N,  123  X  10"J  Vm/N  and  45.000  X  10~15  mVN 
respectively. 
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Piezoelectric  composites  of  PZT  and  polymers  *z  re  prepared  by  mixing  tiny  plast'c  'plte:e>  uiis  PZT  powder  in  jn 
organic  binder  and  lirmz  'be  mixiure  to  give  a  ceramic  -keleton.  After  cooin'Z.  the  Asl.t.  n  a.i>  -'acv-tiiicd  .nth  poly¬ 
mer  and  poled.  Dielectric  and  piezoelectric  oroperties  were  measured  on  -ample'  t  inging  ivni  JO  to  '0  volnt-e  ’"c 
S'ZT.  and  compared  *itb  a  rectangular  vKcletcn  tninJel  lor  3-J  composites  Coirp  ".:e-  cnianang  -u  1  PZT -5fi*"r 
-iliCi  iic  rubber  appear  especially  useful  for  hydrophone  applications  uttlt  u. pri'duct-  a  bv.r.drcd  antes  iarcer  '.ban 
PZT 


INTRODUCTION 

In  a  3-3  composite.'  each  ol  the  constituent 
phases  is  continuously  sell-connected  in  three  dt-- 
mentions  to  give  two  interlocking  skeletons  in  in¬ 
timate  contact  with  one  another.  This  type  of 
structure  is  exhibited  by  certain  polymer  foams, 
by  some  phase-separated  metals  and  glasses,  by 
three-dimensional  weaves,  and  by  natural  sub¬ 
stances  such  as  wood  and  coral.  The  piezoelectric 
and  pyrcc'ectric  properties  of  3-3  composites  have 
been  invesligated  recently  with  some  rather  re¬ 
markable  results. For  certain  coefficients,  dra¬ 
matic  improvements  can  be  made  over  the  best 
single-phase  piezoelectrics. 

Piezoelectric  ceramic-polymer  composites  with 
3-3  connectivity  were  first  made  by  Skinner3  using 
a  lost-wax  method  with  coral  as  a  starting 
material.  Among  the  adv  antages  of  these  compos¬ 
ites  are  high  hydrostatic  sensitivity,  low  dielectric 
constant,  low  density  for  improved  acoustic  im¬ 
pedance  matching  with  water,  high  compliance  to 
provide  damping,  and  the  mechanical  flexibility 
needed  to  develop  conformable  transducers. 
Shrout’  has  described  a  simpler  method  for  fabri¬ 
cating  a  three-dimensionally  interconnected  lead 
zirconute-titanate  (PZT)  and  polymer  composite 
with  properties  similar  to  the  coral-based  compos¬ 
ites.  The  simplilied  preparation  method  involves 
mixing  plastic  spheres  and  PZT  powder  in  an  or¬ 
ganic  binder.  When  carefully  sintered,  a  porous 
PZT  skeleton  is  formed,  and  later  baek-iilled  with 
polymer  to  form  a  3-3  composite.  This  technique 


is  commonly  referred  to  as  ihe  BURPS  process, 
an  acronym  for  burncd-v'it  plastic  -pheres.  Since 
the  process  involves  the  generation  and  emission 
of  gaseous  hydrocarbons,  the  name  BURPS  is 
highly  appropriate  The  •. ompoites  prepared  by 
Shrout'  contained  a  PZT-  polymer  volume  ratio 
of  30/70.  In  thi>  -tudv.  -.ve  repo;!  '.he  electrome¬ 
chanical  properties  oi  3-e  composites  having  a 
wide  range  of  PZT/pnU -rer  ratios,  and  compare 
the  results  with  other  piezoelectric  nuter.als.  in¬ 
cluding  some  recent  Japanese  work*5  on  similar 
composites.  A  three-dimensional  skeleton  model 
is  proposed  to  explain  the  results. 

EXPERIMENTAL  procedure 
Sample  preparation 

Tlie  3-3  composites  were  made  from  commercially 
available  PZT  powdery* -mixed  in  a  ball  mill  with 
tiny  spheres  of  polymethyi  methacry latei./fPMM) 
in  PZT/ PM M  volume  ratios  of  jO.'Ttj.  -50/60. 
50/30.  60/40.  and  TO/ 30.  The  PMM  spheres 
ranged  from  50  to  150  microns  in  diameter,  and 
the  PZT  particles  were  about  1-4  microns  in  di¬ 
ameter.  Four  to  eight  weight  percent  of  polyvinyl 
alcohol  was  added  to  the  mixture  as  a  bonding 
agent,  and  one  inch  diameter  pellets  were  pressed 


▼  Lhrx\ortic  P«»*dcr  PZT*5»M  V.  L  it*  i^mvcs  P.)*«Jcr>.  Inc., 
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t  PolyMnerwev  Inc..  Wamn^ion.  l,>y?6. 
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FIGURE  I  Specific  gravity  of  3-3  composites  plotted  as  a  function  of  volume  fraction  PZT  in  tine  oarting  mis. 
Composites  titled  •si;!’  eposs  are  deiwted  by  solid  circles,  those  with  silicone  rubber  by  open  circles.  The  dashed  line  is 
the  ideal  density  computed  irom  the  initial  volume  percent  PZT. 


at  10.000  psi.  The  pellets  were  heated  over  a  48- 
hour  period  to  450'C  in  order  to  volatilize  the 
P.MM  spheres;  a  slow  heating  rate  is  necessary  to 
prevent  excessive  cracking.  The  -ample*  were  then 
placed  on  a  platinum  sheet  ir.  high  purity  alumi¬ 
num  crucibles  and  wintered  in  a  silicon  carbide  re¬ 
sistance  furnace  at  a  heating  rate  of  200°C  per 
hour,  wtth  a  soak  period  of  30  minutes  at  I340°C. 
A  lead-nch  atmosphere  was  maintained  during 
sintering  by  placing  powdered  lead  zirconate  near 
the  PZT  samples.  After  firing,  the  samples  were 
impregnated  with  either  a  stiff  vtnv  Icydohexene 
dioxide  epoxy  +  or  a  high-purity  soft  silicone  elas¬ 
tomer.  J  Finally,  the  samples  were  polished  on  sil-‘ 
icon  carbide  paper  to  ensure  that  the  faces  of  the 
disk  were  parallel  and  -mooth.  Electrodes  of  air- 
dry  silver  were  applied  and  the  samples  poled  for 
two  minutes  in  a  stirred  oil  bath  at  S0°C  with 
fields  of  20-23  kv/cm.  The  composites  were  aged 
for  at  least  twenty-four  hours  before  measure¬ 
ments  were  taken. 

Characterization 

The  density  of  the  composites  was  computed  from 
the  mass  and  the  measured  volume  of  each  disk. 
This  procedure  was  performed  prior  to  clectrod- 


♦  Spurn  Low-Vi-cmity  EmbcdUm#  Media.  No.  51 33.  P”t>- 
uiicrccs.  Inc  .  W  .irr-nct.in,  PV 

J  Dow  Corning  MDX-4-4ZI0.  Dow  Corning  Medical  Pro¬ 
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ing  to  avoid  ipqluding  the  silver  in  the  measure¬ 
ment.  Inffi^urc  l,.thc  measured  densities  are  plot¬ 
ted  as  a  function  of  the  nominal  volume  percent 
PZT.  The  relationship  is  essentially  linear  for  both 
types  of  composites.  As  expected,  the  epoxy  sam¬ 
ples  arc  slightly  denser  than  the  silicone  rubber 
samples  because  epoxy  wets  the  surface  of  PZT 
extremely  well  and  denstfies  the  samples.  Incom¬ 
plete  back-filling  in  high  volume  percent  PZT 
samples  causes  a  noticeable  scatter  in  the  values. 
These  density  variations  affect  all  subsequent 
measurements. 

/"Figures  and  2b  show  micrographs  at  two  dif¬ 
ferent  magnifications  of  a  polished  surface  of  a 
composite  made  from  50/50  volume  ratio.  The 
samples  are  poled  in  the  vertical  direction,  as  in¬ 
dicated  in  Figure  2a.  At  lower  magnification 
(Figure  2b.  55X)  the  material  appears  reasonably 
homogeneous.  Figure  2c  shows  a  30/70  PZT/ 
polymer  composite  in  which  the  PZT  is  only 
slightiy  interconnected.  A  certain  amount  of  in¬ 
terconnectedness  is.  of  course  necessary  for  elec¬ 
tric  poling,  but  to  minimize  the  density  and  die¬ 
lectric  permittivity,  the  PZT  content  should  be  as 
low  as  possible. 

In  all  the  sections  examined  the  PZT  regions 
range  from  a  few  microns  to  about  100  jam.  The 
same  is  true  of  the  polymer  regions.  The  micro- 
structure  shows  visible  cracks  in  the  PZT  regions 
perpendicular  to  the  poling  direction.  This  has  an 
important  effect  on  the  dielectric  permittivity  oi 
the  sample,  as  discussed  later.  Since  nverostrue- 
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FIGURE  2  SEM  micrographs  ol  J-3  composes  u  ami  bl 
filler!  with  JO^  polymer  ami  lei  wuh  30^  pohmer.  Note  the 
horizontal  fracture  linen  in  (a)  imrmlucvJ  during  poling. 


ture  of  these  samples  is  on  a  finer  scale  than  many 
other  composites,  more  homogeneous  electrome¬ 
chanical  properties  can  be  expected.  which  is  ad¬ 
vantageous  lor  high  frequency  applications. 


Measurements 

The  dielectric  permittivity  and  loss  were  measured 
at  a  frequency  of  1  kHz  using  an  automated  ca¬ 


pacitance  bridge.  The  dielectric  constant  is  plotted 
in  Fig.urc3.as  a  function  of  volume  percent  PZT 
for  the  epoxy  and  silicone  elastomer  composites. 
The  relationships  for  both  types  of  composites  are 
essentially  linear  in  the  range  of  compositions 
30-70Fo  PZT  examined.  However,  the  relationship 
must  curve  rather  steeply  above  70*$  to  approach 
the  value  for  pure  PZT.  roughly  1800. 

The  average  piezoelectric  constant  for  the  com¬ 
posite  materials  (dJ3)  was  measured  with  a  Berlin- 
court  du  meter.  This  measurement  also  provides  a 
check  on  the  completeness  of  poling.  The  meas¬ 
ured  piezoelectric  coefficients  are  plotted  as  a 
function  of  volume  percent  PZT  in  FTaurc  TQ 
Again,  the  relationship  is  essentially  linear  for 
both  the  epoxy-filled  samples  and  the  silicone 
composites.  Larger  coefficients  are  obtained  from 
the  silicone  specimens,  perhaps  because  of  their 
high  elastic  compliance  which  promotes  stress 
transfer  to  the  PZT.  The  d\j  coefficient  of  solid 
PZT  501A  is  approximately  400  pC/N.  Hydro¬ 
static  piezoelectric  coefficients  (</»)  were  measured 
by  a  pseudostatic  method.  Pressure  was  applied  in 
an  oil-filled  cylinder  at  a  rate  of  500  psi/sec.  and 
the  resulting  charge  was  collected  with  a  Keithley 
Electrometer  operated  in  a  feedback  charge-inte¬ 
gration  mode.  F.iiju’r'e“5*  shows  d*  plotted  as  a 
function  of  volume  percent  PZT.  A  broad  maxi¬ 
mum  is  observed  in  the  50-70*^  PZT  composition 
range.  Hydrostatic  coefficients  for  the  silicone 
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FIGURE  3  Dielectric  constant  of  PZT-pol>mer  composites  plotted  as  a  function  of  volume  percent  PZT. 
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FIGURE  4  Longitudinal  piezoelectric  coefficient  d»  for  PZT-polymer  composites  with  »  connectivity. 


composites  are  about  twice  as  Urge  as  epoxy 
composites  of  the  same  volume  fraction  PZT  and 
up  to  five  times  larger  than  the  </*  value  of  PZT 
(—50  pC/NV 

The  piezoelectric  voltage  coefficients  and  g* 
are  also  substantially  larger  than  those  of  solid 
PZT  because  the  composites  have  much  lower 
dielectric  constams.  A  composite  containing 
iCTi  PZT  and  70 Cb  silicone  elastomer  has  a  ,?n 


(=</ji /K  j i  to )  coefficient  of  about  200  X  10~5 
Vm/N  compared  to  25  X  !0"J  for  the  solid 
ceramic.  For  hydrostatic  conditions.  g*(=Ji,/ 
K n«o)  is  about  100  X  I0‘!  for  many  of  the  sil¬ 
icone  rubber  composites,  while  that  of  solid  PZT 
is  only  3  X  10’ Epoxy  composites  have  some¬ 
what  smaller  voltage  coefficients  ihan  ihose  made 
with  silicone  elastomer  The  hydrostatic  figure  of 
merit  (dkg*)  lor  hydrophone  applications  is 
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FIGURE  5  Hydrostatic  piezoelectric  coefficient  dk  for  PZT-polymer  composites 


largest  for  PZT-silicone  rubber  composites  con¬ 
taining  50~c  PZT.  For  these  samples  d>,gk  exceeds 
2X  10'"  cVm/N.  more  than  a  hundred  times 
larger  than  solid  PZT  ceramics. 

The  results  compare  favorably  with  measure¬ 
ments  on  similar  materials.  Using  the  same  tech¬ 
nique  described  in  this  paper,  Shrout’  previously 
prepared  a  number  of  PZT-polymer  composites 
containing  30  volume  percent  PZT.  The  PZT-sil¬ 
icone  rubber  samples  had  dielectric  constants  be¬ 
tween  40  and  200.  du  values  in  the  range 
80-240  X  10,:  C/N.  and  gk  values  of  50-70  X  10'* 
'  Vm/N.  Piezoelectric  coefficients  for  PZT-epo_jv 
composites  were  somewhat  smaller:  da 
60-110  X  10'i:  and  g*  about  40  X  I0‘\  Porous 
interconnected  PZT-silicone  rubber  samples  pre¬ 
pared  by  Nagata  and  co-workers*  gave  gu 
=  130  X  10" 1  Vm/N.  These  composites  contained 
48  volume  %  PZT.  The  ladder-type  composites 
.  reported  by  Mivashita  and  co-workers*  gave 
slightly  lower  values  of  90  X  10'*  for  gj>. 


THEORETICAL  MODEL 

The  physical  properties  of  3-3  composites  can  be_ 
described  with  the  cubic  array  illustrated  iniFTg-, 
urT7£  The  model  consists  of  intersecting  rectangu¬ 
lar  columns  of  PZT  arranged  in  three  perpendicu¬ 
lar  directions  and  embedded  in  a  polymer  matrix. 
For  simplicity,  it  is  assumed  that  one  set  of 
columns  is  parallel  to  the  poling  direction  (.Vy). 


and  that  this  set  of  columns  are  fully  poled,  while 
those  in  the  perpendicular  directions  along  Xi  and 
Xi  are  unpoled. 

Berlincourt’  used  a  similar  model  to  explain  the 
piezoelectric  properties  of  PZT  sponge,  a  porous 
ceramic  made  by  Clevite  Corporation  about 
twenty  years  ago.  The  sponge  was  3-3  structure 
made  from  a  slurry  of  PZT.  water,  and  soapsuds, 
but  it  was  difficult  to  back-fill,  and  therefore 
composites  were  not  prepared. 

In  one  “unit  cell”  of  the  cubic  array,  there  are 
four  kinds  of  PZT  blocks:  (i)  rectangular  blocks 
parallel  to  Xi,  (ii)  rectangular  blocks  parallel  to 
Xi.  (iii)  rectangular  blocks  parallel  to  X}.  and  (iv) 
cubic  blocks  at  the  intersections.  The  cubic  lattice 
contains  equal  number  of  the  four  types.  If  the 


Xj 
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FIGURE  6  The  repeat  unit  of  a  cubic  skeleton  used  to 
model  the  dielectric  and  piezoelectric  properties  of  3*3 
composites. 
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length  of  the  rectangular  blocks  is  /.  and  the  width 
L,  then  the  volume  of  the  rectangular  blocks  is  L'l 
and  that  of  the  cubic  blocks  L' .  In  one  unit  cel!  of 
the  cubic  array,  the  volume  of  PZT  is  L'  4-  2L’l. 
and  the  volume  fraction  PZT  is 


1. 


V  +  -UV 

(A  +  l)3 


(1) 


The  remainder  of  the  volume  is  filled  with 
polymer. 


Dielectric  constants 

The  dielectric  constant  of  interest  is  A .j  since  the 
electrode  surfaces  are_perpendicu!ar  to  Xj.  In  the 
notation  used  here._An  is  the  dielectric  constant 
of  the  composite,  ‘A )}  is  the  dielectric  constant  of 
PZT.  and  3Ajj  is  that  of  the  polymer.  Since 
' K n  >  3  A jj.  the  dielectric  properties  of  PZT  tend 
to  dominate  the  calculations.  The  rectangular 
blocks  parallel  to  X\.  together  with  the  cubic 
blocks,  contribute  most  to  An.  The  blocks  paral¬ 
lel  to  Xi  and  X<  arc  connected  in  series  with  poly¬ 
mer  and  therefore  contribute  relatively  little. 

For  a  unit  cube  (£.  +  /=  I),  the  dielectric  con¬ 
stant  is  approximately 

A„  =  lK„  L1  (2) 


.lO*** 


FIGURE  7  Piezoclecmc  and  dielectric  coefficients  calcu¬ 
lated  from  the  cubic  array  model. 


posites.  and  why  they  have  lower  dielectric 
constants. 

The  dielectric  constant  of  a  3-3  composite  de¬ 
creases  rapidly  with  increasing  polymer  content. 
For  simple  parallel  connection,  a  linear  relation 
between  the  dielectric  constant  and  the  volume 
fraction  PZT  is  expected.  For  a  cubic  lattice 
model,  the  decrease  is  faster  than  linear,  which  is 
advantageous  for  the  piezoelectric  voltage  coeffi¬ 
cient.  The  reason  for  the  rapid  decrease  is  that 
much  of  the  PZT  is  in  series  with  polymer. 


where  L  is  the  width  of  the  rectangular  blocks 
(Figure  6).  expressed  in  cell  fractions.  This  as¬ 
sumes  that  the  permittivity  of  PZT  ('A'  —  1800)  is 
far  It  ger  than  that  of  the  polymer  (:A  —  10). 
Using  the  relationship  between  L.  /.  and  'v  given  in 
Eq.  (1).  the  dielectric  constant  of  the  composite 
can  be  written  as  a  function  of  the  volume  frac¬ 
tion  PZT  (‘v).  This  is  plotted  in  (Future^' The 
measured  dielectric  constants  are  lower  than  the 
predicted  values.  This  may  be  due  to  deficiencies 
in  the  theoretical  model,  but  the  cracks  caused  by 
poling  (see  Figure  2a)  undoubtedly  contribute  to 
the  discrepancy.  Since  the  cracks  are  oriented 
perpendicular  to  the  poling  direction,  the  material 
is  essentially  divided  up  into  capacitive  elements 
with  air  and  PZT  connected  in  series.  Under  these 
conditions,  the  permittivity  drops  rapidly  with 
only  a  slight  amount  of  fracture.  Silicone  rubber 
provides  less  mechanical  support  for  the  ceramic 
than  does  epoxy.  This  may  explain  whs  more 
cracking  was  observed  in  the  silicone  rubber  com- 


Piezoelectric  coefficients 

The  longitudinal  coefficient  dji  relates  the  polari¬ 
zation  component  P\  to  stress  component  a j.  For 
a  composite,  the  magnitude  of  d »  depends 
strongly  on  what  fraction  of  the  stress  is  borne  by 
the  piezocleciric  element.  Ideally,  the  stiff  piezo¬ 
electric  ceramic  bears  all  the  stress  and  the  poly¬ 
mer  none.  For  a  perfect  parallel  connection1 


‘v  'd„  'til 

V  2jh  +  :v  ‘sn 


(3) 


where  V  and  :v  arc  the  respective  volume  frac¬ 
tions  of  PZT  and  polymer.  Longitudinal  com¬ 
pliances  are  denoted  by  'su  and  :u»,  and  the 
piezoelectric  effect  of  the  polymer  is  assumed  to 
be  zero  'dn  =  0. 

Composites  with  3-3  connectivity  arc  partially 
in  parallel  and  partially  in  series,  and  iheretore 
Eq.  (J)  will  not  be  accurate.  Referring  lo  Figure  6. 
the  portion  of  PZT  in  parallel  with  ;he  polymer 


L 
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matrix  consists  of  the  cubic  blocks  together  with 
the  rectangular  columns  parallel  to  Xt.  This  part 
of  the  PZT  skeleton  is  assumed  to  be  fully  poled, 
and  therefore  piezoelectricallv  active.  The  rectan¬ 
gular  blocks  parallel  to  X\  and  X,  are  in  series 
with  polymer,  and  since  they  are  unpoled,  con¬ 
tribute  nothing  to  the  piezoelectric  effect.  Thus 
much  of  the  PZT  (approximately  two-thirds  for 
small  fractions)  is  inactive,  and  the  composite  be¬ 
haves  as  if  it  contains  a  much  smaller  volume 
fraction  PZT.  The  formula  for  d»  can  be  rewrit¬ 
ten  as 


du  — 


'v*  'd„  Mi 

V  Mi  +  M  V 


(4) 


where  'v*  is  the  volume  fraction  of  active  PZT 
and  'v*  is  the  volume  fraction  of  polymer  loaded 
with  inactive  PZT.  Mi  is  the  modified  compliance 
of  the  polymer.  The  volume  fraction  of  active 
PZT  is 


L l  +  Lll 
(L  +  if  ' 


(5) 


where  L  and  /  are  the  dimensions  referred  to  Fig¬ 
ure  6.  The  loaded  polymer  volume  fraction 
V  =  1  -  M.  Elastic  compliance  coefficient  M» 
is  less  than  Mi.  but  is  substantially  larger  than 
Mj.  the  compliance  of  pure  PZT.  In  Figure  7,  the 
value  of  d »  is  plotted  as  a  function  of  *v.  the  total 
volume  fraction  of  PZT.  assuming  a  vaiue  of  0.1 
for  Mj/Mj.  If  this  ratio  is  very  much  smaller.  dn 
is  independent  of  V  reverting  to  the  ideal  parallel 
connection  model.  _ 

Piezoelectric  coefficient  dj,  is  more  straightfor¬ 
ward.  Two  parts  of  the  PZT  network  3re  piezo¬ 
electric,  the  rectangular  columns  parallel  to  X} 
and  the  cubic  blocks  at  the  intersecting  columns. 
Since  stress  component  Oi  is  carried  by  the  lateral, 
rectangular  columns,  the  stress  is  transmitted  to 
the  cubic  blocks  but  not  to  the  vertical  columns. 


Therefore  only  the  cubic  blocks  contribute  to  dir. 
d„  =  Ll  'du/(L  +  If. 

In  Figure  7,  dn  is  plotted  as  a  function  of  total 
volume  fraction  PZT.  When  ‘v  is  large,  the  com¬ 
posite  consists  mainly  of  cubic  intersections,  and 
dn  is  large.  When  lv  is  very  small,  the  intersection 
cubes  nearlv_disappear.  and  so  does  d».  The  rapid 
decrease  of  dn  with  ‘v  is  a  strong  contributing  fac¬ 
tor  to  the  hydrostatic  sensitivity.  _ 

The  hydrostatic  piezoelectric  coefficient  d*  is 
obtained  from  d »  +  2dn  and  is  plotted  as  a  func¬ 
tion  of  ‘v  in  Figure  7.  Note  that  d \  goes  through  a 
broad  maximum  near  the  SOac  composition,  sim¬ 
ilar  to  the  experimental  values  (Figure  5).  In  gen¬ 
eral  the  model  gives  good  agreement  with  the 
experimental  results. 
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FERROELECTRIC  COMPOSITES  FOR  HYDROPHONES 

S.Y.  Lynn,  R.E.  Newnham,  K.A.  Klicker,  K.  Rittenmyer,  A.  Safari  and  W.A.  Schulze 
Materials  Research  Laboratory,  The  Pennsylvania  State  University,  University  Park, 
PA  16802,  USA 

Abstract— Considerations  of  the  influence  of  crystal  symmetry,  macrosymmetry ,  and  inter¬ 
phase  connectivity  have  been  used  to  explore  possible  macrostructures  of  interest  as 
piezoelectric  composites.  Based  on  these  design  considerations,  polymer-ceramic  compo¬ 
sites  have  been  fabricated  with  3-3  phase  connectivity  by  the  replication  of  natural 
template  structures  such  as  coral,  or  by  a  simplified  fabrication  technique  of  mixing 
volatilizable  plastic  spheres  and  PZT  powders.  1-3  or  2-3  composites  were  made  by 
perforated  method.  Polymer-Ceramic  composites  with  3-1  phase  connectivity  were  made  by 
embedding  PZT  rods  or  PZT  spheres  in  various  polymers.  A  modified  connectivity  model 
with  3-1-0  phase  connectivity  was  introduced  to  improve  the  Poisson  contraction  problem 
found  in  3-1  composites.  In  3-1-0  composites  voids  were  introduced  into  the  polymer 
matrix  to  form  a  third  phase  which  is  isolated.  All  types  of  composites  have  been 
studied  and  it  is  shown  that  they  have  slightly  lower  permittivity,  greatly  improved 
d},  and  produce  a  much  lighter  material  that  can  be  adjusted  to  neutral  buoyancy. 


CONNECTIVITY 

Connectivity  is  the  key  feature  in  designing  the  microstructure  of  PZT-polymer 
composites.  Each  phase  in  a  composite  may  be  self-connected  in  zero,  one,  two,  or 
three  dimenisons.  Using  an  orthogonal  axis  system,  for  diphasic  composites,  there 
are  ten  connectivities  designated  as  0-0,  1-0,  2-0,  3-0,  1-1,  2-1,  3-1,  2-2,  3-2, 
and  3-3.  A  2-1  connectivity  pattern,  for  example,  has  one  phase  self-connected 
in  two  dimensional  layers,  the  other  self-connected  in  one-dimensional  chains  or 
fibers.  The  connectivity  patterns  are  not  geometrically  unique.  In  the  case 
of  a  2-1  pattern  the  fibers  of  the  second  phase  might  be  perpendicular  to  the 
layers  of  the  first  phase  or  might  be  parallel  to  the  layers. 

PIEZOELECTRIC  COMPOSITES  WITH  3-3  CONNECTIVITY 

There  is  considerable  practical  interest  in  developing  low-density,  compliant, 
flexible  piezoelectric  transducers.  A  low-density  piezoelectric  would  have  better 
acoustic  coupling  to  water  and  have  more  easily  adjusted  huoyancy  than  the  high- 
density  PZT  ceramics  now  used  for  hydrophones.  A  compliant  material  would  have 
Table  1  Hydrostatic  Mode  Materials  better  resistance  to  mechanical  shock 

— - 7 - - - -  than  a  conventional  ceramic  transducer 

“!L’>  and  a  large  compliance  would  also  suggest 

ft? - n - tr? - T555 - :  iio  high  damping,  which  is  desirable  in  a 

JlrjSTtn - — - -  passive  device.  The  development  of  a 

*-)  _ _ piezoelectric  material  which  exhibits 

ITSJL...  "  **  *10°  this  combination  of  properties  may  be 

- 771 - 7, - m - Z7Z -  carried  out  in  basically  two  different 

i-i-a  _ _  wavs:  one  is  to  look  for  a  single  phase 

11  *°  ’*  material,  the  other  is  to  design  a  compo- 

«5P5n7nsiiK  71  wli  7  11  Ull  *  site  material.  One  typical  example  of 

*->■<  c— | _ the  former  material  is  the  development  of 

IU-*  ”  m  PVF^  (polyvinvlidene  fluoride).  The  latter 

will  be  discussed  here. 
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PIEZOELECTRIC  COMPOSITES  WITH  3-3  CONNECTIVITY 

3-3  PZT-polymer  composites  were  investigated  by  Skinner  et  al2.  In  a  3-3  material,  both 
phases  are  continuously  connected  in  all  3  dimensions.  The  3-3  composite  was  fabricated 
with  a  replamine  process  using  a  coral  template,  and  a  high  purity  silicone  rubber  was 
chosen  as  the  second  phase.  An  extremely  flexible  piezoelectric  composite  was  obtain¬ 
ed  by  crushing  the  ceramic  phase  (PZT) .  The  permittivity  of  this  crushed  3-3  repla¬ 
mine  composite  was  greatly  reduced  (to  about  40),  while  the  average  longitudinal  piezo¬ 
electric  coefficient  d^  only  reduced  moderately  (about  100  pCN  ^) .  Hence  the 
average  longitudinal  piezoelectric  voltage  coefficient,  833^*^33^33^  these  flexi¬ 
ble  composites  is  approximately  300x10  ^  VmN  \  which  is  fifteen  times  better  than  a 
homogeneous  PZT  transducer.  Table  1  lists  some  of  the  properties  measured.  Because 
of  the  time-consuming  procedure  of  the  replamine  process,  an  alternative  fabrication 

3  4 

process  of  the  3-3  composite  was  proposed  by  Shrout  ’  .  This  simplified  fabrication 
technique  involves  the  mixing  of  volatilizable  plastic  phase  and  PZT  powders.  SEM 
micrographs  revealed  that  these  composites  have  microstructure  and  properties  similar 
to  the  replamine  samples  (Table  1).  The  pricipal  advantage  of  this  method  is  that 
it  is  readily  adapted  to  mass  production. 

PIEZOELECTRIC  COMPOSITES  WITH  1-3  or  2-3  CONNECTIVITY 


Perforated  Polymer-PZT  composites  with  1-3  and  2-3  connectivity  were  studied  by 

Safari^.  These  materials  are  similar  to  the  3-3  composites  with  the  important 
difference  in  that  they  have  solid  planes  of  PZT  perpendicular  to  the  poling  direction. 
This  assumes  that  the  electrode  is  rigid  and  most  of  the  stress  in  the  plane  perpen¬ 
dicular  to  the  polarization  is  applied  to  the  active  ceramic.  The  rigid  electrode 
also  stiffens  the  composite  laterally  and  greatly  reduces  the  d31  coupling  to  d^. 

The  composites  produced  by  drilling  channels  in  conventionally  prepared  prepolt 
ceramic.  1-3  has  channels  running  along  one  axis  while  2-3  also  has  orthogonal 
channels.  The  material  is  then  filled  and  embedded  in  epoxy. 

As  with  other  composite  forms  the  is  reduced  and  d^  remains  high,  yielding 

a  much  increased  g^  and  d^g^  product.  Specific  experimental  parameters  are  listed 
for  comparison  on  Table  1. 

PIEZOELECTRIC  COMPOSITES  WITH  3-1  CONNECTIVITY 


3-1  connectivity  composite  in  which  polymer  phase  is  self-connected  three  dimen¬ 
sionally  and  the  piezoelectric  ceramic  is  self-connected  one  dimensionally  was  develop¬ 
ed  by  Klicker*’.  In  a  3-1  composite,  PZT  rods  were  embedded  in  a  continuous  polvmer 
matrix.  Under  the  idealized  situation  in  which  the  polymer  phase  is  far  more  com¬ 
pliant  than  PZT,  the  stress  that  falls  on  the  polymer  will  transfer  to  the  FZT  rods. 

The  stress  amplification  on  the  PZT  phase  along  with  the  reduced  permittivity  will 
thus  enhance  the  piezoelectric  voltage  coefficient.  To  provide  a  better  understand¬ 
ing  of  piezoelectric  composites,  the  following  factors  have  been  varied:  volume  frac¬ 
tion  PZT,  rod  diameter,  and  sample  thickness.  Figure  1  shows  the  d^  as  function  of 

volume  percent  PZT.  For  PZT  volume  percentages  down  to  40"  the  d^  are  comparable  to 
the  value  of  d^^  for  solid  PZT.  Below  40%  PZT,  the  d^^  values  of  all  the  composites 
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diameter  and  composite  thickness. 

decrease  but  it  is  significant  that  the  d^  of  all  the  10 /  composites  is  still  greater 
than  half  the  value  for  pure  PZT.  In  Fig. 2,  d^  is  plotted  as  a  function  of  composite 


thickness,  rod  diameter,  and  volume  percent  PZT.  The  composites,  regardless  of  com¬ 
posite  thickness,  rod  diameter,  or  volume  percent  PZT  have  a  d^_greater  than  that  for 
solid  PZT.  The  calculation  of  average  relative  permittivity,  K^,  uses  parallel  ele¬ 
ments  and  the  value  of  varies  linearly  with  the  volume  fractions  of  the  two  phase 


present.  Since  the  permittivity  of  polymer  phase  is  extremely  low  (~7)  compared  to 
PZT  (>1200),  the  value  of  may  be  approximated  as  KpZT  x  vol  ZPZT  .  The  experi- 


Fig.3  Relative  permittivity  as  a  Fig. 4  g  as  a  function* of  volume  X  PZT. 

function  ot  volume  Z  PZT.  h 

ing  volume  percent  PZT  result  in  increases  in  the  value  of  g  .  Fig. 4  reveals  this 
relationship.  Piezoelectric  coefficients  of  3-1  composite  are  shown  in  Table  1. 
Composites  were  developed  with  a  d  about  2.5  times  that  of  solid  PZT  and  a  g  at  least 
20  times  greater. 
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PIEZOELECTRIC  COMPOSITES  WITH  3-1-0  CONNECTIVITY 


The  magnitude  of  the  d^.g^  product  of  a  3-1  composite  with  PZT  rods  in  polymer 
matrix  is  large,  but  is  far' less  than  the  theoretical  value.  Part  of  the  reason  is 

that  the  poisson  ratio  of  the  polymer  used  is  fairly  high  thus  an  internal  stress 
exists  which  opposes  the  applied  stress,  and  the  stress  amplification  of  a  3-1  connec¬ 
tivity  model  is  greatly  reduced.  One  way  to  reduce  the  poisson  ratio  of  a  polymer  is 
to  introduce  porosity  into  it.g  The  fabrication  of  3-1  composites  with  porous  polyure¬ 
thane  was  developed  by  Klicker  ._  Introduction  of  porosity  into  the  polyurethane 
matrix  has  a  dramatic  effect  on  d^.  Composites  made  with  4  volume  %  PZT  rods  240  um 

in  diameter  in  a  foamed  polyurethane  with  45%  porosity  had  a  d  g  product  close  to 

-15  2  h  h  _  _ 

100,000x10  m  /N,  which  is  more  than  an  order  of  magnitude  greater  than  the  d^g^ 

product  of  composites  with  a  non-porous  epoxy  matrix  (Table  1) .  But  this  porous  poly¬ 
urethane  composite  is  very  pressure  dependent  above  200psi.  Other  types  of  3-1-0  com¬ 
posites  were  studied  by  Lvnn7.  Porosity  was  introduced  into  different  types  of  poly¬ 
mer  matrix  either  by  adding  a  foaming  agent  or  by  mixing  commercial  hollow  glassspheres 
with  the  polymer.  Using  a  foamed  REN  epoxy,  composites  with  4  colume  %  of  280  ym 
diameter  rods  showed  a  three- fold  increase  in  d  above  the  unfoamed  REN  epoxy.  When 
hollow  glassspheres  of  an  average  diameter  of  80  urn  and  2  um  wall  thickness  were  mixed 
in  REN  and  Spurrs  epoxy  d  increased  about  2  times  greater  than  the  plain  epoxy  compo¬ 
sites  (Table  1).  For  all  the  composites  with  glassspheres,  no  pressure  dependance 
were  found,  while  in  foamed  REN  epoxy  composite  the  pressure  dependance  still  exists. 

SUMMARY 


Composite  piezoelectric  elements  form  an  interesting  familv  of  materials  which 
highlight  the  major  advantages  composite  structures  afford  in  improving  coupled  proper¬ 
ties  in  solids  for  transduction  applications.  By  careful  consideration  of  the  crystal 
symmetry,  macrosymmetry,  and  possible  modes  of  phase  interconnection  (connectivity) 
which  can  be  realised  by  modern  processing  technologies,  it  is  possible  to  design  new 
composite  transducers  with  property  combinations  tailored  for  specific  device  require¬ 
ments. 

We  believe  that  the  composite  materials  offer  a  new  versatility  in  property  com¬ 
binations,  and  it  will  be  most  interesting  to  observe  how  this  is  taken  up  and  exploit¬ 
ed  in  subsequent  generations  of  piezoelectric  devices. 
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PIEZOELECTRIC  SbSI:  POLYMER  COMPOSITES 
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Following  the  principle  of  connectivity  in  two  phue  systems,  composites  of  SbSI  and  Spurn  epoxy  in  1:3  and  3:3 
modes  were  prepared.  Piezoelectric  strain  coefficients  d»  and  d*.  and  dielectric  constant  K  were  measured  over  a 
temperature  range  encompassing  the  transition  temperature. 

Interactions  between  the  polymer  and  SbSI  cause  a  shift  in  the  dielectric  peak  to  higher  temperatures.  The  hydro¬ 
static  voltage  coefficient  g»  “  110  X  10  'mVC  and  hydrophone  sensitivity  dj,  1  g.  =*  10  mV N  are  substantially  higher 
than  those  of  SbSI  single  crystals  and  most  other  piezoelectrics. 


INTRODUCTION 

Antimony  sulphur  iodide  (SbSI)  is  the  most  im¬ 
portant  member  of  a  family  of  ferroelectric  semi¬ 
conductors1"2  with  formula  AvBv,Xvn.  In  the 
ferroelectric  phase  below  20°C  it  belongs  to  the 
orthorhombic  point  group  symmetry  mm2  and 
has  very  large  piezoelectric  strain  coefficient  dn 
and  di,  along  the  polar  c-axis1  (dn  =  4000  X  10"12 
C/N  at  Tc).  The  transition  is  accompanied  by  an 
exceedingly  large  permittivity  (K  “  6  X  10*  at  Tc), 
substantially  reducing  the  voltage  coefficient 
gn  —  dn/Kn.  If  the  dielectric  constant  Kn  of 
SbSI  can  be  reduced  then  the  material  becomes  an 
attractive  candidate  for  piezoelectric  detectors  and 
high  efficiency  electromechanical  transducers. 

Based  on  certain  interphase  connectivity  con¬ 
cepts  in  a  two  phase  system,  PZT: polymer  com¬ 
posites  have  been  investigated  in’  the  past  for  hy¬ 
drophone  applications.*"*  Very  large  reductions  in 
the  dielectric  constant  and  enhancement  in  the 
hydrophone  figures  of  merit  g*  and  d*  •  g*  were  re¬ 
ported.  In  this  paper  we  describe  composites  of 
SbSI: polymer  prepared  in  the  1:3,  3:1  and  3:3 
connectivity  patterns.! 

SbSI  exhibits  a  very  large  structural  anisotropy 
along  the  polar  c-axis.  In  various  attempts  of  crys- , 
tal  growth7  of  SbSI  a  needle  like  morphology  of 


tl:3  conneciivity  means  lhat  the  active  piezoelectric  com¬ 
ponent  SbSI  is  self-connected  in  only  one  direction  in  a  three 
dimensionally  connected  matrix  of  a  second  phase  (e.g.  epoxy). 
The  other  symbols  can  be  explained  in  a  similar  fashion. 


the  crystals  has  predominated  with  the  length  of 
the  needles  being  parallel  to  the  piezoelectric 
c-axis.  The  cross-section  of  the  needles  can  be 
controlled  by  adjusting  the  growth  parameters, 
making  SbSI  suitable  for  1:3  composites.  This 
paper  reports  the  dielectric  and  piezoelectric 
properties  of  composites  fabricated  from  SbSI 
and  polymers  and  their  possible  application  as 
hydrophone  elements. 


EXPERIMENTAL 

!  SbSI: polymer  samples  were  prepared  in  1:3  and 
;  (1:3X3:3)  connectivity  patterns  with  the  single 
crystal  needles  of  SbSI  as  a  starting  material.  SbSI 
polycrystalline  boules  in  the  form  of  a  bundle  of 
;  slender  needles  oriented  parallel  to  the  c-direction 
were  grown  from  the  melt  using  the  Bridgman 
method.  The  composite  samples  were  prepared  in 
two  different  ways. 

In  the  first  two  specimens  as  grown  boules  were 
1  vacuum  filled  with  Spurrs  epoxy!  and  cured  at 
80°C.  The  composite  boules  thus  prepared  were 
heated  to  200°C  under  7000  psi  argon  gas  atmos¬ 
phere.  The  procedure  increased  the  density  of  the 
samples  by  eliminating  the  voids  in  the  composite. 
The  connectivity  in  these  samples  is  a  mixture  of 
the  1:3  and  3:3  pattern  (Figure  1).  Sample  No.  1 
contained  55  vol.%  and  No.  2  65  vol.%  SbSI. 


X  Spurn  epoxy,  Polyscienccs  Inc.,  Warrington.  PA. 
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FIGURE  1  Section  of  a  SbSI:  Spurn  composite  prepared 
from  as  frown  SbSI  boulc  brighter  areas  art  SbSI  crystals 
(x200). 


A  third  sample  was  prepared  by  separating  the 
needles  apart,  aligning  them  parallel  to  their 
length  and  then  filling  under  vacuum  with  the 
Spurn  epoxy  and  followed  by  curing  at  80°C  for  8 
houn.  These  samples  were  engineered  in  a  1:3 
connectivity  pattern  (Sample  No.  3,  50  vol.% 
SbSI). 

]  Sections  2-3  mm  thick  were  cut  normal  to  the 
;  c-axis  and  then  polished  and  electroded.  Finally 
the  samples  were  shaped  in  the  form  of  circular 
disks  for  the  electrical  measurements.  The  fraction 
of  SbSI  in  the  samples  was  determined  from  den¬ 
sity  measurements  on  the  composites. 

The  piezoelectric  strain  coefficients  dn  and 
and  dielectric  constant  Kn  were  measured  as  a 
function  of  temperature  over  a  range  encompass¬ 
ing  the  phase  transition  temperature.  The  piezoe¬ 
lectric  voltage  coefficients  gn  and  gn  and  the  hy¬ 
drophone  figure  of  merit  dn-  gn  were  computed 
from  the  measured  dn,  dn  and  Kn  values,  dn  coef¬ 
ficients  were  measured  from  0°C  to  50°C  using  the 
Berlincourt  dn  meterf  in  a  temperature  controlled 
chamber.  Measurements  were  also  made  by  a 
i  resonance  technique  and  the  dn,  dn  and  coupling 
|  coefficient  k,  were  calculated.  The  dielectric  con- 
I  slants  were  measured  with  an  automated  capaci¬ 
tance  bridge.}  dn  was  measured  by  a  pseudostatic 
DC  method.  Samples  were  placed  in  the  hydro- 


t  Model  333  Channel  Products,  Chagrin  Falls,  Ohio 
l  HP  Automated  Capacitance  Bridge  Model  4270.  Japan. 


|  static  pressure  vessel  and  kept  at  the  desired 
temperature  during  measurements.  Using  an  oil 
medium  hydrostatic  pressure  was  applied  at  a  rate 
of  3.5  MPa/sec  and  the  generated  charge  meas¬ 
ured.  In  all  measurements  the  samples  were 
poled  with  a  DC  field  of  1-2  KV/cm  while  being 
cooled  through  the  phase  transition  to  about  0°C. 
At  0®C  the  poling  field  was  removed  gradually  in 
order  to  minimize  the  possibility  of  back  switch¬ 
ing  caused  by  the  space  charge  built  up  during  the 
poling  procedure.  All  the  data  were  collected  in 
the  dark  and  during  the  heating  cycles.  Typical 
heating  rates  were  2°C/min  for  the  dn  and  Kn 
runs  and  <  0.5°C/min  for  the  hydrostatic  dn 
measurements. 


(•) 


FIGURE  2  Dielectric  constants  and  piezoelectric  coefficients 
of  composite  samples  as  a  function  of  temperature  (a)  sample 
#1 .  55  vol.%  SbSI  and  (b)  sample  #2. 65  vol.%  SbSI.  Dielectric 
K(T )  maxima  in  both  samples  peak  around  23°C  where  as 
piezoelectric  dnfT)  maxima  occur  at  I9°C 
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FIGURE  3  Hydrostatic  piezoelectric  strain  coefficients  tU 
measured  as  a  function  of  temperature  (sample  ll  t  92). 

RESULTS  AND  DISCUSSION 

Figure  2^hows  the  piezoelectric  dn  coefficients 
(mfSfifred  by  the  Berlincourt  meter)  and  dielectric 
constants  of  composite  samples  No.  1  and  2  plot¬ 
ted  as  a  function  of  temperature.  The  d»  values 
reach  a  maximum  at  7V  =*  19°C  for  both  samples 
with  the  dielectric  constant  peaks  at  slightly 
higher  temperatures.  Resonance  studies  showed  a 
large  coupling  constant  k,  and  a  very  poor  lateral 
coupling  in  these  samples.  It  was  estimated  that 
the  dn  in  composite  SbSI  samples  was  very  small 
(  =■  10  XJQ'J:  C/N)  compared  to  the  dn  coeffi¬ 
cients.  Figure  3  shows  the  hydrostatic  piezoelectric 
strain  coefftefeiits  plotted  as  a  function  of  temper¬ 
ature  for  the  same  samples.  The  d*  coefficients  are 
approximately  equal  to  the  dn  values.  In  SbSI 
crystals  d»  >  djj  >  dn  and  dn  A  dn  are  of  oppo¬ 
site  sign  and  thus  only  small  differences  in  djj  and 
d»  are  expected  for  the  composites.  This  is  borne 


to  30 


FIGURE  4  Dielectric  constants  and  piezoelectric  strain  coef¬ 
ficients  dn  of  a  1:3  SbSLSpurn  composite  as  a  function  of 
temperature  (sample  93).  Jf(D  maximizes  around  33°C. 


out  in  samples  #1  and  2  where  dn  and  du  appear 
to  be  uncoupled  due  to  the  modified  stress  behav¬ 
ior  within  the  SbSI: polymer  composites.  Similar 
effects  have  been  observed  in  PZT  :jx>lymer  com¬ 
posites  where  da  values  as  large  as  seven  times 
i  those  of  solid  PZT  have  been  reported.* 

The  behavior  of  the  dielectric  constant  with 
temperature  is  shown  in  Figure  2.  The  transition 
temperature  as  determined  from  the  dielectric 
measurements  was  about  23°C,  some  4°C  higher 
than  the  piezoelectric  peak.  When  the  method  of 
composite  preparation  is  modified  as  in  the  case 
of  sample  No.  3.  the  stress  behavior  is  apparently 
altered,  the  piezoelectric  and  dielectric  maxima 
were  found  to  differ  by  14°C  fFtgufgJtTyhis  be¬ 
havior  is  not  well  understood  but  could  be  repro¬ 
duced  in  several  SbSI  :  polymer  composites.  The 
Curie  temperature  of  SbSI  (as  determined  from  K 
vs  T  measurements)  increases  with  tensile  stress 
along  the  polar  direction.*  SbSI  needles  in  the  po¬ 
lymer  matrix  are  under  tensile  stress  because  of 
differences  in  the  thermal  expansion  coefficients 
of  SbSI  and  the  polymer  and  this  may  be  respon¬ 
sible  for  the  change  in  7V.  Since  various  parts  of 
the  SbSI  needles  in  the  composites  experience  dif¬ 
ferent  stresses  and  hence  go  through  the  phase 
transition  at  slightly  different  temperatures,  the 
characteristic  sharp  dielectric  maximum  at  T,  of  a 
stress  free  single  crystal  is  broadened  and  shifted 
to  higher  temperatures.  Moreover  the  dielectric 
properties  are  not  very  sensitive  to  the  state  of 
poling  but  are  controlled  mainly  by  the  mechani¬ 
cal  boundary  conditions.  In  contrast  the  pyroe¬ 
lectric  and  piezoelectric  properties  are  influenced 
by  both  the  temperature  and  the  domain  configu- 
j  ration.  Pyroelectricity  and  piezoelectricity  are  ab¬ 
sent  until  the  sample  is  poled  and  this  requires 
that  all  segments  of  an  SbSI  needle  be  in  the  fer¬ 
roelectric  state  below  T,.  If  some  segments  are 
above  T,  and  some  below,  the  needle  cannot  be 
poled.  On  the  other  hand,  the  dielectric  constant 
is  not  affected  in  the  same  way.  The  dielectric 
constant  of  SbSI  is  high  both  above  end  below  7V. 
Therefore  its  maximum  occurs  near  the  average  Tc 
of  the  various  SbSI  segments  while  that  of  the 
piezoelectric  and  pyroelectric  coefficients  occurs 
|  near  the  lowest  TV.  Hence  the  peak  in  the  dielec- 
i  trie  constant  is  displaced  toward  higher  tempera¬ 
ture  relative  to  the  piezoelectric  maximum.  This 
distribution  of  Curie  temperatures  in  composites 
also  explains  the  broadness  of  the  K(T)  and  d(T) 
curves. 


A.  S.  BHALLA  el  aL 


FIGURE  5  Pyroelectric  voltage  response  at  various  temper¬ 
atures  as  measured  on  SbSl :  Spurts  composites  in  the  Chyoo- 
weth  experiment. 


Since  the  values  of  <f»  and  Ku  were  collected 
separately  in  independent  experiments,  corrobo¬ 
rating  evidence  was  sought.  Simultaneous  pyroe¬ 
lectric  (j> )  and  dielectric  measurments  substan¬ 
tiated  the  above  measurements  and  gave  the  direct 
evidence  for  the  separation  of  the  dielectric  peak 
from  those  associated  with  the  pyroelectric  or  pie¬ 
zoelectric  effects.  The  pyroelectric  coefficient  was 
determined  by  the  Byre  Roundy  method,*  maxi¬ 
mized  at  19°C,  as  in  the  piezoelectric  measurements 
of  samples  No.  1  and  2.  Based  on  thermodynamic 
arguments,  the  ferroelectric  Curie  constant  C,  the 
spontaneous  polarization  P,.  the  dielectric  con¬ 
stant  Kn  and  pyt  electric  coefficient  p  are  related 
by  the  expression 


jl  =  L 

K»  C 


(1) 
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FIGURE  6  Measured  values  of  X  g»  as  a  function  of 
temperature  for  sample  XI.  2  and  3. 


strated  the  fact  that  K  and  p  were  not  following 
the  same  temperature  dependence  that  K(T)  and 
I  piT)  have  maxima  at  different  temperatures. 

This  particular  study  made  the  SbSI :  polymer 
composites  very  attractive  candidate  material  for 
the  hydrophone  elements.  For  the  most  efficient 
hydrophone  element  material  it  is  desirable  to 
maximize 

_  .  .  .  ( Max.  charge  \ 

.  Sensitivity  =  ^ --°.l 

/  Max,  voltage  \ 

\  thickness  / 


Equation  (1)  suggests  that  .the  ratio  p/Kn  ap¬ 
proaches  zero  near  Tc.  E(gu{£ /S^shiows  the  pyroe¬ 
lectric  voltage  response  plotted  as  function  of 
temperature  in  the  Chynoweth  experiment.10  The 
maximum  at  T,  in  the  response  curve  demon¬ 


or  in  other  words  the  figure  of  merit  for  hydro¬ 
phone  sensitivity  is  represented  by  dhgk  or  d*/K. 
The  measured  values  of  dhgt,  ■»  dn  •  gjj  are  plotted 
in^Figure  6  av  a  funtion  of  temperature.  Because 
of  tfie'sWft  in  the  dielectric  peak  to  the  higher 


TABLE  I 


Hydrostatic  piezoelectric  coefficients  </*,  g*  and  measured  for 
SbSI :  Spurn  composites  and  various  piezoelectric  hydrophone  materials. 


Materia] 

</*  -  J,*10~'1C/N) 

f,(XI0'’mVC) 

xio-1’^1) 

Sample  «l  (S3  vol.%  SbSI) 

950<I9*C) 

720(  5°C) 

IWC) 

8  X  I0‘  -  lO’fO-lS'C) 

Sample  «2  (63  vol.%  SbSI) 

I500(19*C) 

8 1 0(3°C) 

98(3°C) 

8  X  I04  -  10’(0-15°C) 

Sample  «3  (30  vol.%  SbSI) 

750<19',C) 

590(5°C) 

KXXS'C) 

6  -  7  X  lO-tO-lS-C) 

SbSI  Single  Crvitals 

800(1 0“C) 

8(1 0°C) 

7  X  lO’(IO'C) 

PVFi 

iK23°c) 

104<:5°C) 

1  X  IO’(25'C) 

PZT-501 

sous'd 

4(25°C) 

2  X  !01(25°C) 

PbNbjO, 

67(25»C) 

30(25oC) 

2  X  10'(25°C) 
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FIGURE  7  Mechanical  coupling  constant  and  the  cf»  of. 
SbSI'.Spum  composite  sample  llui  function  of  temperature. 


temperature  side,  the  dk'gk  and  gn  values  for  SbSI 
composites  are  enhanced.  The  parameters 

are  compared  with  other  potential  hydrophone 
materials  in  (Table" I.  Nfechanically.  the  composite 
SbSI  elements  ari'stronger  than  solid  SbSI  and 
showed  high  coupling  constant  k,  over  tempera¬ 
tures  up  to  T,  with  relatively  little  temperature 
dependence  of  these  coefficients  (Figure  7). 

The  low  transition  temperature  of  SbSI  limits 
its  applicability  in  electro-acoustic  devices.  At¬ 
tempts  have  been  made  to  raise  the  T,  of  SbSI  by 
doping  with  oxygen  and  alloying  it  with  SbjSj  or 
the  other  members  of  the  SbSI  family.11,12  SbjSj: 
SbSI  and  SbSI:SbjO}  compositions  enhanced  the 
r,  (up  to  35°C)  but  the  piezoelectric  properties 
were  substantially  reduced.  By  proper  doping  of 
SbSI.  T,  can  be  raised  without  substantial  sacrifice 
in  the  piezoelectric  properties  and  an  even  wider 
effective  working  temperature  range.  Sizeable  im¬ 
provements  in  gt,  and  can  be  achieved  by 

fabricating  SbSI: polymer  composites.  Work  in 
this  direction  is  in  progress  and  will  be  reported 
elsewhere. 


SUMMARY 

I.  SbSI:polymer  SPURRS  composites  with  (1:3) 
and  (1:3X3:3)  connectivity  patterns  were  made  by 
vacuum  filling  as  grown  SbSI  boules  and  by  align¬ 
ing  bundles  of  SbSI  needles  parallel  to  polar  axis 
and  embedding  in  epoxy. 


2.  Piezoelectric  coefficients  dn  =*  10  X  10"'2  C/N 

and  djj  1500  X  10‘12  C/N  were  observed. 

3.  In  the  composite  the  effect  of  was  sub¬ 
stantially  reduced.  The  dependence  of  dielectric 
and  piezoelectric  response  on  temperature  in 
composite  was  modified  compared  to  the  pure 
SbSI  crystals.  The  dielectric  and  piezoelectric 

i  maximas  in  the  temperature  behavior  were  sepa¬ 
rated  by  4-14°C  depending  on  the  method  of  prep¬ 
aration  of  the  composites. 

4.  Figures  of  merit  for  the  hydrophone  sensitiv¬ 
ity  dhgh  =*  105  X  10'15m2/N  were  achieved  in  the 
composites. 

5.  High  coupling  constant  k,  “  70%  was  ob¬ 
served  in  SbSI  composites. 
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Abstract  Experimental  Procedure 


Piezoelectric  barium  germanium  titanate  and 
lithium  borosilicate  glass-ceramics  were  prepared 
by  crystallizing  the  glasses  in  a  temperature 
gradient.  The  piezoelectric  constants  electro¬ 
mechanical  coupling  factors  and  elastic  constants 
of  the  glass-ceramics  were  measured  by  the  reso¬ 
nance  mechod.  Some  of  the  glass-ceramics  exhibit 
high  electromechanical  coupling  factors  and  low 
temperature  coefficient  of  resonance  making  them 
of  interest  as  temperature  compensated  resonators 


Introduction 

Several  nonferroelectric  polar  glass-ceramics 
have  been  studied  from  the  point  of  view  of  their 
application  in  piezoelectric  devices  and  pyro¬ 
electric  detectors3- .  It  has  been  shown  that  it 
is  possible  to  prepare  glass-ceramics  with  good 
crystallographic  and  polar  orientation  by  crystal¬ 
lizing  the  glasses  in  a  temperature  gradient  result¬ 
ing  in  glass  ceramics  with  reasonably  good  piezo¬ 
electric  properties.  Detailed  studies  of  the  piezo¬ 
electric  properties  of  barium  germanium  titanace3 
and  lithium  borosilicate4  glass  ceramics  showed 
that  the  piezoelectric  properties  of  these  glass- 
ceramics  are  comparable  to  chose  of  commonly  used 
piezoelectric  materials .  Some  glass  ceramics  in 
Che  Li20-Si02~B203  system  showed  high  electrome¬ 
chanical  coupling  coefficients  and  low  temperature 
coefficient  of  resonance  (TCR)4.  It  has  been  sug¬ 
gested  that  because  of  their  good  electromechanical 
properties  and  a  high  degree  of  crystallographic 
orientation  near  Che  glass-ceramic  surfaces, 
lithium  borosilicate  glass-ceramics  might  find  an 
application  in  SAW  devices4 . 

Glass  ceramic  piezoelectrics  can  be  easily 
fabricated  in  large  sizes  and  their  properties  can 
be  optimized  by  adjusting  Che  glass  composition  and 
processing  parameters. 

In  Che  present  paper  we  report  elastic  and 
piezoelectric  measurements  on  fresnolte  (Ba2Si2Ti0g) 
glass  ceramics  and  a  few  compositions  in  the 
LI2O-SIO2-B2O3  system.  Piezoelectric,  elastic  and 
electromechanical  coefficients  of  glass  ceramics  of 
composition  Ba2G«2T108  (BGT) ,  Ba2Ge2T108-Ba2Si2Ti08 
soLid  solution  (BGST)  with  excess  silica,  and  LiOj- 
(2-x)  S102-xB2°3  glass-ceramics  here  investigated  by 
resonance  methods.  The  measured  values  are  compared 
with  che  reported  properties  of  BajGelTiOg  and 
Ba2Si2TiOg  single  crystals . 


The  procedure  followed  for  preparing  glass- 
ceramics  with  oriented  crystallites  is  essentially 
the  same  as  that  reported  in  earlier  studies3, 3. 

The  glass  samples  were  prepared  by  mixing  reagent 
grade  chemicals  in  the  desired  molar  ratio  and 
melting  in  a  platinum  crucible,  using  a  globar 
furnace.  The  glass  samples  were  crystallized  in  a 
temperature  gradient  by  placing  polished  glass 
disks  on  a  microscope  hot  stage*.  Details  con¬ 
cerning  the  heating  cycles  employed  during  crystal¬ 
lization  of  the  glasses  can  be  founc  in  references 
1-3.  The  crystalline  phases  in  the  glass-ceramic 
samples  were  identified  from  x-ray  powder  diffrac¬ 
tion  patterns. 

Piezoelectric  constant  833  parallel  to  the 
crystallization  direction  was  measured  using  a 
d33~raeter**.  For  resonance  studies,  samples  were 
prepared  in  the  form  of  circular  disks  8  on  in 
diameter  and  0.3  to  0.6  tm  in  thickness.  Gold 
electrodes  were  sputtered  on  the  polished  surfaces. 
Resonance  behavior  in  che  thickness  mode  and  planar 
mode  were  investigated  using  a  spectrum  analyzer"--. 
The  resonance  frequency  constants,  electromechani¬ 
cal  coupling  factors  and  mechanical  quality  factor 
Q  were  determined  by  measuring  the  resonance  and 
anti  resonance  frequencies.  From  these  values, 
some  of  the  elastic  and  piezoelectric  coefficients 
were  calculated.  The  temperature  coefficient  of 
resonance  (TCR)  was  evaluated  by  measuring  the 
resonance  frequency  as  a  function  of  temperature  at 
intervals  of  5“  in  the  temperature  range  -20  to 
100*0. 

Results  and  Discussion 

The  crystalline  phases  identified  from  the 
x-ray  powder  diffraction  patterns  are  listed  in 
Table  1,  along  with  the  densities  and  dielectric 
constants.  All  the  crystalline  phases  belong  to 
polar  point  groups,  and  hence  the  piezoelectric 
properties  of  the  glass-ceramic  are  not  diluted  by 
Inactive  phases.  The  densities  and  dielectric 
constants  of  BGT  and  BGST  glass-ceramics  are  in 
close  agreement  with  those  of  Bs2Ge2T10g  and 
BS2S12T108  single  crystals. 


*E .  Leitz,  Inc.,  Rochleigh,  NJ.Ftodel  No.  493. 
‘•Qiannal  Products,  Chesterland,  OH,  Model  CPDT  330C 
tHewlett-PackaPd,  Loveland,  CO,  Model  3585A. 


Table  1. 

Physical  Properties  of  Glass-Ceramics 


Composition 

Crystalline* 

Phases 

Dielectric 

constant 

e33^eo 

0 

gm/  cm- 

2Ba0-2Ge02-T102  (BGT) 

b2tg2 

15 

4.8 

2BaO-2Si02-Ge02-T102  (BGST) 

b2tg,  +  b,ts2 

(solid  solution) 

10.3 

4.3 

U.,0-1. 8310,-0.28,0, 

LS2  +  LB2  +  LS 

9 

2.3 

Li,0-1.33Si0,-O.66B,0, 

LS2  +  LB2  +  LS 

8 

2.3 

3a2Ge2T10g  (Single crystal) 

— 

13 

4.34 

Ba2Si2T10g  (single  crystal) 

— 

11 

4.45 

•Abbreviation  for  Phases:  B2TG2  ■  BS2Ge2T10a,  B-TS.  -  Ba,Si,T10.,  LS-  * 
U20-2S102.  U2  -  U20-2B203,  LS  -  Li20-S102. 


As  mentioned  earlier,  Che  glass-ceramics  pre¬ 
pared  by  crystallizing  the  glasses  in  a  temperature 
gradient  shoe  a  high  degree  of  crystallographic 
orientation  parallel  to  the  temperature  gradient. 
Needle-like  crystallites  grow  from  the  hot  face 
deep  into  the  sample  along  the  direction  of  the 
temperature  gradient-*- ■*.  The  c-axes  of  the  crystal¬ 
lites  shov  preferred  orientation  but  the  a  or  b  do 
not .  The  alignment  of  the  polar  c-axes  is  responsi¬ 
ble  for  the  pyroelectric  and  piezoelectric  pro¬ 
perties  of  the  glass  ceramics.  The  properties  of 
the  glass  ceramics  are  isotropic  in  the  plans 
perpendicular  to  the  c-axes  of  the  crystallites . 

A  ferroelectric  ceramic  material  prepared  by 
conventional  sintering  methods  is  non-piezoelsctrlc 
even  though  the  individual  crystals  may  be  strongly 
piezoelectric.  To  convert  the  ceramic  into  a 
piezoelectric,  it  is  necessary  to  pole  the  ceramic 
vlth  an  external  electric  field6. 

Thus  the  syassetry  of  a  poled  ceramic  body  is 
*»  and  for  piezoelectric  and  elastic  phenomena  this 
is  equivalent  to  hexagonal  symetry  6  as.  Since 
the  polar  glass-ceramics  with  oriented  crystallites 
and  the  poled  ceramics  both  have  only  one  polar 
direction,  the  symmetries  are  the  same  («m) .  The 
Independent,  non-zero  elastic,  piezoelectric  and 
dielectric  constants  for  this  syne  try  are  su., 

*12.  *13.  *33.  *55.  <131.  d33.  d15 •  ell  »“J  e33- 
Additional  non  zero  coefficients  are  related  to 
chese  by  symmetry  relations. 

The  values  of  piezoelectric  d  coefficients, 
the  elastic  constants  and  the  electromechanical 
coupling  coefficients  of  the  glass-ceramics  are 
given  in  Table  2.  The  values  of  piezoelectric  d 
coefficients  and  elastic  coefficients  of  BGT  and 
3GST  glass-ceramics  are  comparable  to  the  values 
of  Ba2Ce2Ti0g  and  Ba2Sl2TiOg  single  crystals,  from 
which  we  conclude  that  there  are  no  substantial 
differences  in  che  elastic  behavior  of  the  glass 
and  crystalline  phases  in  the  glass-ceramics . 

The  electromechanical  coupling  coefficients 
kc  and  kp  of  BGT  glass-ceramics  are  lower  than  the 
corresponding  values  of  3a2Ge2T10g  single  crystal^, 
but  those  of  BGST  glass-ceramics  are  slightly 


higher.  The  planar  coupling  kp  of  Li20-1.8S102- 
O.2B2O3  glass  ceramic  4  is  higher  chan  LiTa03  and 
ocher  commonly  used  piezoelectric  materials.  The 
mechanical  quality  factors  Q  are  surprisingly 
high  for  the  glass-ceramics  (300-1000) . 

A  typical  resonance  spectrum  observed  in 
glass-ceramic  samples  is  shown  in  Figure  1,  and  a 
plot  of  relative  resonance  frequency  Afg  as  a 
function  of  temperature  is  shown  in  Figure  2, 
where  fr'fBT 

Af  m  •  •  " 

R 

RT 

Here,  fT  is  the  resonance  frequency  at  temperature 
T  and  fgT  is  the  resonance  frequency  at  room 
temperature.  The  temperature  coefficients  of 
resonance  (TCR) ,  calculated  from  che  slopes  of 
Afg  vs  T  plocs  are  listed  in  Table  2. 

The  TCR  values  of  BGT  and  BGST  glass-ceramics 
are  larger  than  those  of  either  Ba2Ge2T10g  and 
Ba2Si2T108  single  crystals.  For  lithium  boro- 
silicate  glass  ceramics  the  TCR  values  are  com¬ 
parable  to  che  values  of  commonly  used  piezo¬ 
electric  single  crystals4.  TCR  of  LI2O-I .33Si02* 
O.66-B2O3  glass-ceramic  is  30  ppm/*C  in  che 
temperature  range  20-60*C  (Fig.  2),  che  useful 
operating  range  for  most  piezoelectric  devices. 

The  strong  dependence  of  the  electromechani¬ 
cal  coupling  coefficients  and  TCR  on  the  composi¬ 
tion  of  the  parent  glass  suggests  that  further 
improvements  in  the  properties  are  possible  by 
suitably  modifying  che  composition.  In  addition, 
the  amount  and  orientation  of  the  different 
crystalline  phases  can  be  controlled  by  emplylng 
suitable  heat  treatment  cycles  providing  another 
controlling  factor  to  tailor  the  properties  of 
glass-ceramics . 

Summary 

The  piezoelectric  coefficients  and  elastic 
constants  of  several  piezoelectric  glass-cersmics 
were  measured  by  resonance  methods.  It  is  possible 
to  fabricate  large  inexpensive  glass-ceramic 
piezoelectric  devices  with  substantial  electro¬ 
mechanical  coupling  factors  and  low  TCR.  The 


Table  2. 

Piezoelectric  and  Elastic  Constants 


Property 

Ba2^2^^8 

G1  m*- Ceramic 

BCST 

Class-Ceramic 

Ba2Ge2^10g 
Single  Cry s cal 

Ba2Si2Ti0g 
Single  Crystal 

Li20-1.8Si0~ 

0 . 2B2O  3 

Li20-1.33S102- 

0.66B203 

d33xlO_l-2c/N 

6 

6 

a 

3.8 

6 

3 

d31xlO_12C/N 

1.2 

2.1 

2.0 

2.7 

2.4 

1.5 

9.2 

9.0 

8.8 

7.6 

9.5 

11 

s32x10_22iii*/N 

-1.9 

-2.3 

-1.9 

-1.6 

-2.4 

~2-8 

S5^xl0_^2m2/(j 

22 

22 

21 

17 

24 

27 

c33xlO*-2N/m2 

0.13 

0.12 

0.09 

0.08 

— 

— 

Nt(mt.  Hz) 

2500 

2600 

2150 

— 

— 

— 

Np(mt.  Hz) 

3100 

. 

3500 

2900 

— 

4500 

4200 

0.075 

0.15 

0.10 

— 

— 

kP 

0.095 

0.12 

0.10 

— 

0.14 

- 

0.09 

*31 

0.04 

0.07 

0.06 

0.10 

0.09 

0.05 

Q 

700 

300 

— 

650 

1000 

400 

TCR  ppm/*C 

(0-100‘C) 

z-cut 

95 

>100 

48 

51 

h0 

30 

(20-60*0 

Figure  1.  Resonance  spectrum  for  Li20-1 .8S102- 
0 . 2B  2O  3  (horizontal  scale  -6.8  kHz 
vertical  •  5  dB) . 


Figure  2.  Relative  resonance  frequency  as  a 
function  of  temperature  for  Li20- 
1.33S102-0.66B203. 


piezoelectric  properties  of  the  glass-ceramics  are 
comparable  to  those  of  single  crystals,  and  can  be 
optimized  by  proper  choice  of  composition  and  heat 
treatment.  The  glass-ceramic  piezoelectric 
materials  may  be  useful  in  temperature  compensated 
bulk  resonators,  in  SAW  devices  and  in  flexural 
mode  resonators. 
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The  reaction  sequence  of  PZT  formation  from  the  mixture  of  Pb0-Zr07-Ti02  has  been 
extensively  studied^-3.  However,  there  have  been  no  studies  on  the  morpnological 
cnanges  occurring  during  the  calcination  process.  The  dependence  of  the  character¬ 
istics  and  properties  of  the  ceramic  on  the  calcining  conditions  though  has  been  well 
no  ted^-5 ,  no  systematic  explanations  have  been  given  for  the  reasons  of  such  depen¬ 
dencies.  , 

Inhomogeneous  sintering  has  been  observed  in  PZT  tapes  and  disks0  and  was  attri¬ 
buted  to  packing  characteristics  and  chemical  inhomogeneities.  Earlier  efforts  to  react- 
ively  sinter  PZT  ceramics  from  uncalcined  oxide  mixtures  were  in  vain  due  to  the  "anoma¬ 
lous"  expansion  of  the  compacts  during  the  sintering  process'. 

The  purpose  of  this  study  was  to  investigate  the  dilatometric  behavior  of  the  com¬ 
pacts  during  calcining  and  its  influence  of  sintering  and  properties  of  PZT  ceramics. 

EXPERIMENTAL 

The  PZT  60/40  (PbZrg  gTig  4)03  composition  was  prepared  from  the  reagent  grade  ox¬ 
ides  via  the  usual  processing  steps—  ball  milling  and  drying.  Four  different  calcina¬ 
tions  were  carried  out  with  varying  temperature/time  conditions  to  produce  different 
phase  assemblages:  (i)  uncalcined  (as  mixed);  (ii)  calcines  at  600°  for  3  hours;  (iii) 
calcined  at  700°C/3  hours  and  (iv)  calcined  at  800°  for  6  hours.  Calcining  was  done  by 
placing  the  Zr02  Saggers  containing  the  PZT  mix  intc  an  electric  muffle  furnace  pre¬ 
heated  to  the  required  temperature  for  the  specified  period  of  time. 

The  calcined  powders  were  characterized  for  (i)  surface  area  by  a  BET  technique; 
(ii)  particle  size  and  shape  distribution  by  CESEMI  and  (iii)  qualitative  and  quantita¬ 
tive  phase  analysis  by  x-ray  diffraction.  For  details  of  the  analyses  see  Table  1. 
Sintered  alumina  rods  covered  with  platinum  foil  with  a  LVDT  attachment  were  used  for 
the  dilatometric  studies.  The  samples  were  heated  at  a  constant  rate  of  200°C/hr  from 
room  temperature  to  1300°C  and  cooled  back  at  the  same  rate. 

Isothermal  studies  were  carried  out  by  introducing  the  crucibles  containing  the 
PZT  samples  and  the  PbO  source  pellets  into  a  muffle  furnace  maintained  at  specific 
temperatures  (1000,  1100,  1200  and  1300eC)  and  quenching  after  a  stipulated  period  of 
soak  (1  min-12  hrs).  Sintering  studies  were  also  done  on  all  samples  at  constant  rate 
of  heating  (200°C/hr)  up  to  1300°C. 

Studies  on  reactive  sintering  were  done  on  (PZT  60/40,  PZT  401,  PZT  501)  composi¬ 
tions  calcined  to  840°C,  the  temperature  at  which  the  expansion  maximum  was  noted. 
Dilatometric  and  isothermal  studies  (at  700,  800,  900,  1000  and  1 1 50 0 C )  were  done  with 
pellets  as  mentioned  earlier.  Dense  pellets  (>97T  theoretical)  were  obtained  by  sinter¬ 
ing  at  1150°C  for  1/2  hour.  The  physical,  microstructural  and  electromechanical  charac¬ 
teristics  of  these  were  compared  with  standard  samples  of  PZT  60/40  obtained  by  sinter¬ 
ing  at  1300°C  for  hal  f- hr;  pel  lets  made  from  completely  calcined  single  phase  PZT  calcines. 
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TABLE  1.  PZT  60/40  cal ci re¬ 
characterization  data. 


Nomenclature 

Calcining 

Conditions 

Phase 

MO  UNC 

Uncalcined 

PbO 

Zr02 

Ti  O2 

MO  600/3 

600°C/3  hr 

PbO 

PbTi03 

Zr02 

Pb0ssa 

M0  700/3 

700°C/3  hr 

PbO 

Pb0ss 
PbTi03 
'PZT'  b 
Zr02 

M0  CAL 

S00°C/6  hr 

PZT 

Geometric  densities  of  fired  samples  were  ob¬ 
tained  from  weight  and  dimension  measurements 
Microstructural  analysis  was  done  on  polished 
and  fractured  surfaces.  The  dielectric  and 
electromechanical  properties  were  obtained  24 
hrs  after  poling  which  was  accomplished  by  an. 
plying  a  25-30  kV/cm  DC  field  at  ^120°C  for 
5  min  across  the  silver  electroded  samples  in 
an  oil  bath.  The  dielectric  constant,  k,  and 
the  loss  factor,  tan6  were  obtained  using  a 
Hewlett-Packard  automatic  capacitance  bridge. 
The  piezoelectric  coefficient,  d33 ,  was  mea¬ 
sured  in  a  Berl incourt  d33  meter.  Resonance 
techniques  described  in  IRE  Standards  (1961) 
were  used  to  obtain  the  coupling  coefficient, 


up,  and  the  quality  factor  Q. 
RESULTS  AND  CONCLUSIONS 


aA  tetragonal  PbO  solid  solution 
containing  PbTi03  phase. 
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°A  PZT  phase  of  varying  Zr/Ti  ratios. 


Figure  1  is  the  dilatometric  behavior  of 
the  compacts  from  the  various  calcines  as  a 
function  of  temperature.  The  two  distinct  re¬ 
gions  of  expansion  in  the  uncalcined  sample 
correspond  to  the  two  different  stages  of  re¬ 
action  as  was  seen  from  the  x-ray  analysis, 
(i)  The  formation  of  PbTi03  around  450-600°C 


and  (ii)  the  formation  of  PbOs*  containing  some  PbTi03  dissolved  into  a  tetragonal  PbO 


FIGURE  1.  Dilatometric  behavior  of  PZT  during  calcining. 


DENS  I  FI  CAT ION  IN  PZT 


and  (PZT)  compounds  of  varying  Zr/Ti  ratios.  The  final  stages  of  the  stoichiometric  PZT 
formation  is  accompanied  by  a  rapid  shrinkage  above  800°C  up  to  900°C  above  which  den- 
si  fi  cation  starts  to  occur.  The  SEM  micrographs  of  the  fractured  surfaces  of  compacts 
quenched  at  various  temperatures  during  calcining  also  showed  interesting  changes  in 
the  microstructure  as  a  function  of  temperature.  Dense  platey  regions  richer  in  PbO  and 
Ti 02  were  noted  around  700-750°C  from  the  selected  area  x-ray  energy  emission  analyses 
of  these  regions.  These  are  possibly  the  reaction  products  PbTi03  and  PbOss-  The  ab¬ 
sence  of  the  specific  expansion  regions—  region  1  around  600°C  in  MO  600/3  samples  and 
region  1  and  most  of  region  2  in  MO  700/3  samples  which  had  the  corresponding  phase  dis¬ 
tribution  of  these  materials  (Table  1)  also  prove  the  relationship  between  the  expan¬ 
sions  and  the  reaction  sequences.  The  expansion  is  due  to  (i)  the  topological  nature  of 
the  reactions—  diffusion  of  PbO  into  Ti 02  particles  and  the  formation  of  PbTi03  on  the 
Ti O2  skeletal  regions  and  (ii)  the  differences  in  the  molar  volumes  of  the  product 
pbTi03  (38  ml)  and  Ti 02  (20.8  ml).  Further  reactions  involving  Zr02  also  occur  in  a 
similar  manner  at  the  P/Z  and  P/T  and  P/PT/Z  interfaces,  causing  expansion  of  the  com¬ 
pact.  The  rapid  shrinkage  during  the  final  stages  of  PZT  formation  is  due  to  particle 
coarsening,  higher  product  densities  and  phase  transformations. 

INHOMOGENEOUS  DENSIFICATIONS 

The  results  of  the  isothermal  sintering  at  1100°C  studies  on  the  pellets  from  the 
different  calcines  are  shown  in  Figure  2.  At  all  the  sintering  temperatures  the  uncal¬ 
cined  and  partially  calcined  specimens  initially  expand  as  PZT  formation  occurred, 
resulting  in  a  porous  ceramic.  On  further  heating,  sintering  occurs  only  within  the 
ceramic  regions  leaving  the  large  pores  unclosed.  The  values  slopes  of  the  log-log 
plots  of  the  density  charge  vs  time  curves  (n  %0.3)  indicate  that  sintering  occurs 
through  a  diffusion  process.  Higher  temperature  and/or  periods  of  soak  are  required 
for  the  occurrence  large  scale  of  diffusion  processes  to  close  the  pores.  The  green 
density  vs  fired  density  characteristics  (Fig.  3)  showing  the  linear  dependence  indicate 
the  inhomogeneous  densification  phenomenon  occurring  in  these  samples.  Similar  observa¬ 
tions  have  been  made  earlier^and  were  attributed  to  the  same  phenomenon.  The  inhomo¬ 
geneous  densification  is  attributed  to  the  volume  changes  during  calcining  and  the  chemi 
cal  heterogenei  ties  and  reaction  sintering  in  the  ceramic  regions  of  the  expanded  compacts. 


FIGURE  2.  Isothermal  sintering  studies  at  FIGURE  3.  Green  density  vs  fired  density 
1100°C.  characteristics. 
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The  percent  density  change  and  percent  shrinkage  as  a  function  of  sintering  temp¬ 
erature  is  shown  in  Fig.  4.  It  is  obvious  that  the  reactive  sintered  sample  undergoes 
enhanced  densification  up  to  "o900°C  (15%  change  in  density  and  5%  linear  shrinkage). 

The  x-ray  analysis  of  quenched  samples  at  intermediate  temperatures  showed  the  decrease 
of  PbO,  PT  and  Zr02  contents  and  an  increase  in  the  PZT  content  and  sharpening  of  the 
PZT  peaks.  The  lower  value  of  the  activation  energy  (68  kJ/mole)  calculated  from  the 
slope  of  the  log  shrinkage  vs  1000/T  plots  also  indicates  the  enhanced  densifi¬ 
cation.  The  near  zero  slope  above  1150°C  also  confirms  that  densification  is  complete 
around  that  region.  The  microstructural  analyses  and  isothermal  sintering  data  showed 
no  evidences  of  fine  particle  sintering  such  as  rapid  particle  coarsening  and  densifi¬ 
cation  within  the  initial  few  seconds.  Hence,  the  enhanced  densification  is  possibly 
in  part  due  to  the  chemical  reactions  and  phase  transitions  occurring  at  the  final 
stages  of  PZT  formation  in  the  partially  calcined  starting  material.  Table  2 
illustrates  the  properties  of  reactive  sintered  samples  in  comparison  with  correspond¬ 
ing  standard  samples  of  the  same  composition.  The  effect  of  the  finer  grain 
structure  as  evidenced  from  the  micrographs  were  obvious  in  the  values  of  the  various 
electromechanical  properties  esp  dielectric  constant,  d33  and  kp. 
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TABLE  2.  Resctiye  Sintering:  Eleetrenechenicsl  Properties 
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Abstract-The  perovskite  structure  solid  solutions  between  anti  ferroelectric 
PbZr03  and  ferroelectric  PbTi03  embrace  a  number  of  technologically  important 
piezoelectric  compositions  grouped  near  the morphotropic  phase  boundary  (compo¬ 
sition  close  to  Zr:Ti  ratio  1:1).  Heats  of  transition  Q(J/m^)  and  ferroelectric 
transition  temperature  TC(K)  for  a  series  of  carefully  prepared  (chemically  co¬ 
precipitated)  composition  in  the  Pb(ZrxTi-|_x)03  solid  solution  system  in  the 
range  0.0  <  x  <  0.6  were  measured  using  a  Perkin  Elmer  DSC2  thermal  analyser 
under  computer  control.  The  composition  dependence  of  the  transition  entropy 
S(J/m3/deg)  and  the  Curie  Weiss  constant  were  deduced  from  a  combination  of 
calorimetric  and  phenomenological  data.  The  anomalous  behaviour  of  the  heat 
of  transition  for  compositions  near  the  morphotropic  boundary  is  discussed  on. 
the  basis  of  an  extended  phenomenological  theory  for  the  PbZr03:Pbi il)j  systemO). 


INTRODUCTION 

Earlier  measurements  of  the  thermal  parameters  associated  with  the  ferroelectric: 
paraelectric  phase  change  in  the  PbZr03:PbTi03  solid  solutions^)  suggest  that  the 
thermal  changes  become  anomalously  small  for  compositions  close  to  the  morphotropic 
phase  boundary,  which  occurs  near  the  1:1  Zr:Ti  composition.  In  this  earlier  study 
however,  samples  were  prepared  by  calcining  and  sintering  the  mixed  oxide  powders, 
and  it  is  now  well  known  that  this  preparation  method  can  lead  to  compositional 
inhomogeniety  particularly  near  the  middle  of  the  solid  solution  phase  field. 

To  check  the  earlier  data,  and  to  compare  with  the  predictions  of  a  recently 
extended  thermodynamic  phenomenology^',  it  appeared  desirable  to  check  the  earlier 
work  by  using  rather  carefully  chemically  co-precipitated  homogeneous  compositions 
with  the  best  available  thermal  analysis  equipment. 

SAMPLE  PREPARATION  AND  CHARACTERIZATION 

Seven  samples  in  the  solid  solution  system  Pb(ZrxTi-)_x)03,  0.0  jc  x  _<  0.6  were 
prepared  by  a  chemical  coprecipitation  technique.  The  starting  materials  [spectro- 
copic  grade  lead  oxide,  zirconium  tetra-n-butoxide  (ZBT)  and  titanium  tetra-n-butoxide 
(TBT)]  were  weighed  according  to  the  desired  stoichiometry  and  blended  with  isopropyl 
alcohol  in  a  mixer  for  3  minutes  while  deionized  water  was  slowly  added.  The  white 
precipitated  slurry  was  pan  dried,  then  ball  milled  with  Zr02  balls  and  distilled 
water  for  8  hours.  The  product  was  again  pan  dried  and  calcined  at  600°C  for  6  hours, 
hollowed  by  regrinding  and  recalcination  at  800°C  for  3  hours.  X-ray  powder  patterns 
taken  with  CuKn  radiation  showed  sharp  diffraction  peaks  up  to  high  angles.  There 
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were  no  phases  present  other  than  (P4mm)  for  compositions  with  0.0  <  x<  0.50,  and 
(R3m)  for  compositions  with  0.50  <  x  <  0.60. 


CALORIMETRIC  MEASUREMENTS 

Heats  of  transition  (Q(J/M^)  and  transition  temperatures  TC(K)  were  measured  for 
each  composition  using  the  Perkin-Elmer  0SC2  thermal  analyzer  under  full  computer 
control.  The  instrument  was  calibrated  using  indium  as  a  standard.  The  heat  of 
fusion  of  indium  being  taken  as  6.79  cal/gm  was  reproducible  within  ±2%.  The  proper 
correction  factor  was  then  applied  to  all  measured  Q  values.  The  measurements  were 
performed  on  4  samples  of  each  composition.  The  estimated  errors  were  ±3%  and  ±0.5% 
for  the  Q  and  Tc  values  respectively.  Detailed  description  of  the  automatic  data 
collection,  reduction,  and  integration  method  are  given  in  the  Perkin-Elmer  DSC2 
reference  manual.  Numerical  values  of  Q(J/M3)  and  TC(K)  as  function  of  composition 
are  given  in  Figure  1. 


PHENOMENOLOGICAL  THEORY 


In  the  Landau-Ginzburg-Devonshire  approach  developed  in  (1),  the  energy  function 
takes  the  form. 


/ \  2 

AGi  =  Pc  +  temperature  independent  higher  order  terms. 

£o 

where  AGp's  the  Elastic  Gibbs  Free  Energy 

P  the  dielectric  polarization  of  the  single  domain 
T  the  temperature 
6  the  Curie  Weiss  temperature 

cQ  the  permittivity  of  free  space  (8.854  x  10-12  F/m) 

C  the  Curie  Weiss  Constant. 


(1) 


The  partial  derivative  of  AG1  at  constant  stress  gives  the  negative  of  the  entropy 
change,  i.e.  , 

Ps 

-AS  =  (2) 

ZEqC 

The  heat  flow  Q  =  AST,  is  for  temperatures  close  to  the  Curie  point  Tc  given  by 
ASTC,  so  that  the  entropy  change  AS  is 


-AS  = 


2eoC 


(3) 


Thus  taking  the  magnitude  of  Ps  obtained  previously  in  reference  (1)  it  is 
possible  to  derive  the  magnitude  of  the  Curie  constant  Tc  for  each  composition  in  the 
sequence.  These  data  are  plotted  in  Figure  2. 


DISCUSSION 

The  data  for  Q  presented  in  Figure  1  are  in  excellent  qualitative  agreement  with 
the  earlier  data  of  Yves  Setivpau  etal.v2).  The  very  low  values  of  heat  of  transition 
for  compositions  close  to  morphotropy  are  confirmed  and  it  is  evident  that  the  low 
values  were  not  due  to  compositional  heterogeneity.  In  the  earlier  thermodynamic 
formulation  it  was  assumed  in  the  absence  of  reliable  dielectric  data,  that  the  Curie 
constant  C  had  a  constant  value  of  3.0  x  10$.  The  rather  strong  variation  with 
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composition  suggested  by  the  data  in  Figure  2  will  in  fact  bring  the  model  permitti¬ 
vities  and  d  constants  much  closer  to  those  of  the  measured  multidomain  poled  poly¬ 
crystal  and  suggest  that  extrinsic  domain  contributions  are  not  as  important  as  was 
expected.  Clearly  some  confirmation  of  these  indirect  deductions  would  be  highly 
desirable,  and  point  up  the  importance  of  improved  high  frequency  dielectric  measure¬ 
ment  on  well  characterized  homogeneous  sample  to  verify  directly  the  proposed  trend. 
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Figure  1.  Curie  temperatures  and  heats  of  transition 
for  PbTi03:PbZr03  solid  solutions. 

(a)  Heats  of  transition 
(h)  Transition  temperatures 
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PbZr03  PbT«03 

MOLE  %  PbTiOj 

Figure  2.  Curie  Weiss  constants  for  PbTiO^'PbZrO^  solid  solutions. 
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The  Landau -Ginsburg- Devonshire  phenomenological  theory  has  been  applied  to  the  PbZrOj- PbTiO, 
crystalline  solid  solution  system  to  explore  the  behavior  of  the  rhombohcdral-tetragonal  morphotropic 
phase  boundary  in  the  region  below  room  temperature.  The  theory  suggests  that  morphotropy  is 
preserved,  i.e.,  that  the  phase  boundary  occurs  at  nearly  the  same  composition  right  down  to  0  K.  The 
rhombohedral  (fl.Vn)-rhombohedral  t/?.V  I  phase  transition  was  investigated  for  a  composition 
PbZrc VTio.iOj  using  neutron  diffraction.  Structures  in  both  phases  were  refined  by  the  Rietveld  profile 
fitting  technique.  The  transition  behavior  in  this  composition  was  indicative  of  a  diffuse-type  phase 
transition,  with  a  transition  temperature  somewhere  between  250  and  300  K.  The  diffuse  nature  of  this 
transition  is  perhaps  due  to  short-range  ordering  of  Zr  and  Ti.  However,  powder  neutron  diffraction  is 
not  ideal  for  determining  critical  behavior:  therefore,  it  is  difficult  to  make  a  quantitative  conclusion  in 
this  respect.  Values  of  the  spon'aneous  polarization  were  obtained  from  the  (Zr/Ti)  shifts,  and 
compared  to  those  deduced  from  phenomenological  theory. 


Introduction 

The  perovskite  solid  solution  between 
antiferroelectric  PbZrOb  and  ferroelectric 
PbTiQ,  (PZT)  contains  a  number  of  ex¬ 
tremely  important  compositions  used  in  the 
electronics  industry  (/).  Many  piezoelec¬ 
tric  devices  are  made  from  poled  PZT  ce¬ 
ramics  with  compositions  near  the  morpho¬ 
tropic  phase  boundary  (MPB).  the 
rhombohedral- tetragonal  phase  transition 
boundary  (Fig.  I),  where  electromechanical 
coupling  coefficients  are  unusually  high. 

In  this  work  we  report  the  results  of 
applying  the  Landau-Ginsburg-Devon- 


shire  theory  to  PZT  compositions  near  the 
morphotropic  phase  boundary  at  248.  98, 
and  8  K,  and  a  neutron  diffraction  investi¬ 
gation  of  the  structure  of  one  such  composi¬ 
tion,  PbZR0.6Tio.,03  at  295  and  9  K. 

From  an  X-ray  and  neutron  diffraction 
study  of  PbZr,,.ssTi<,4zO:,  and  PbZr„.9Ti0  ,O3 
at  room  temperature.  Michel  et  at.  (10) 
concluded  that  the  space  groups  were  R3m 
and  R3c  respectively,  the  latter  involving 
doubling  of  the  unit  cell  edges.  In  a  recent 
neutron  diffraction  investigation  Glazer  ft 
al.  (II)  have  confirmed  the  existence  of  a 
transition  from  R3c  to  R2m  symmetry  in 
PbZr0.»Tio.iQ,  with  increasing  temperature 
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Fic.  I .  PbZrOj-PbTiOj  phase  diagram  (after  Jaffe  el 
at.  (/)). 

between  60  and  I0CFC  and  have  determined 
the  cation  displacements  as  a  function  of 
temperature  between  25  and  250°C. 

Based  on  the  phase  diagram  in  Fig.  1, 
there  should  be  a  rhombohedral-rhom- 
bohedral  phase  transition  below  room  tem¬ 
perature  near  the  morphotropic  boundary. 
The  low-temperature  rhombohedral  cell  is 
twice  the  size  of  the  high-temperature  cell. 
Mechanical  Q  measurements  by  Kruger  (9) 
seem  to  indicate  such  a  transition.  This  is 
not,  however,  a  reliable  method  of  estab¬ 
lishing  phase  boundaries. 

To  verify  the  existence  of  the  transition 


we  have  done  neutron  diffraction  experi¬ 
ments  on  PbZr0.6Ti0,,(},  at  two  different 
temperatures  (295  and  9  K).  The  structures 
were  refined  by  the  Rietveld  method  (2). 
Pyroelectric  discharge  experiments  were 
carried  out  to  explore  the  material  response 
in  the  low-temperature  region. 

Landau  —  Ginsburg  -  Devonshire 
Phenomenology 

For  many  ferroelectric  crystals  it  has 
proved  useful  to  correlate  the  dielectric, 
piezoelectric,  elastic,  and  thermal  proper¬ 
ties  of  the  paraelectric  and  ferroelectric 
phases  by  a  thermodynamic  free-energy 
theory.  The  Landau-Ginsburg-Devonshire 
(LGD)  formalism  gives  an  excellent  de¬ 
scription  of  these  properties.  A  summary  of 
past  results  can  be  found  in  the  books  on 
ferroelectricity  by  Jona  and  Shirane  (.?), 
Fatuzzo  and  Merz  (4),  and  Lines  and  Glass 
(5). 

Consider  the  free-energy  function  for  a 
simple  proper  ferroelectric  derived  from  a 
prototypic  phase  of  symmetry  Ptnlni.  For 
Brillouin  zone  center  modes,  the  free  en¬ 
ergy  may  be  written  as  a  power  series  in 
dielectric  polarization  P  (6.  7)  as  follows: 


\G  =  A(P\  +  PI  +  P$)  +  B(P\  +  P}  +  P})  +  C(P\P\  +  P\P\  +  P\P\) 

+  D(P\  +  P\+  PS)  +  E(PKP\  +  PD  +  P&P\  +  PD  +  P%P\  +  PD) 

+  FP\P\Pi  -  »  SV'Yl  +  A!  +  AD  -  Spi2(X,X2  +  X2X3  +  A'3A/1) 

-  iS&Afi  +  x\  +  XD  -  Qn(X  iP\  +  Xfl  +  XyPD 

-  Q,4X4P\  +  PD  +  X4.Pl  +  PD  +  X4P\  +  PD) 

-Q, 4X<Pfi  +  XftPi  +  X'PiPD,  (1) 


where  A,  B,  C,  D,  E.  and  F  are  related  to 
the  dielectric  stiffness  and  higher-order 
stiffness  coefficients,  S f,.  Sp2,  and  Si,  are 
the  elastic  compliances  measured  at  con¬ 
stant  polarization,  and  Qu<  Ql2,  Q„  are  the 
cubic  electrostriction  constants  in  polariza¬ 


tion  notation.  The  expression  is  complete 
up  to  all  six  power  terms  in  polarization, 
but  contains  only  first-order  terms  in  elec- 
trostrictive  and  elastic  behavior. 

Adjustable  parameters  in  the  free-energy 
function  which  fit  the  observed  PbZrOa- 
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PbTiO;,  phase  diagram  and  Ihe  observed 
physical  properties  (dielectric,  piezoelec¬ 
tric,  and  coupling  coefficients)  have  been 
determined  (<S).  Numerical  values  of  AG  for 
the  tetragonal  modification  tP4nunt  are 
plotted  as  a  function  of  composition  in  Fig. 
2  for  three  different  temperatures  (248.  98. 
and  8  K).  The  results  are  also  given  for  the 
rhombohedral  (/?3mi  and  orthorhombic 
(«/;iw2)  cells.  The  rhombohedral-tetra- 
gonal  degeneracy  at  the  morphotropic 
phase  boundary  is  temperature  indepen¬ 
dent,  as  suggested  by  Fig.  I.  The  theory 
suggests  that  morphotropy  is  preserved: 
i.e.,  that  the  phase  boundary  between  the 
tetragonal  and  rhombohedral  phase  fields 
occurs  at  nearly  the  same  composition  right 
down  toOK. 

Sample  Preparation 

The  PbZro0Ti04O3  sample  used  for  the 
neutron  diffraction  powder  pattern  and  the 
pyroelectric  discharge  experiments  was 
prepared  by  a  chemical  coprecipitatkm 
method.  The  starting  materials  [spectro¬ 
scopic-grade  lead  oxide,  zirconium  tetra- 
n-butoxide  (ZBT)  and  titanium  tetra-n-bu- 
toxide  (TBT)l  were  weighed  and  blended 
with  isopropyl  alcohol  in  a  mixer  for  3 
min  while  deionized  water  was  slowly 
added.  The  while  precipitated  slurry  was 
pan  dried,  then  ball  milled  with  ZrO. 
balls  and  distilled  water  for  8  hr.  The 
product  was  again  pan  dried  and  calcined 
at  600°C  for  6  hr,  followed  by  regrinding 
and  recalcination  at  8(XFC  for  3  hr.  X- 
Ray  powder  patterns  taken  with  CuX« 
radiation  showed  sharp  ditfraciion  peaks 
up  to  high  angles.  There  were  no  phases 
present  other  than  rhombohedral  (Rim) 
PZT. 

Neutron  Diffraction  Studies 
Data  Colla  tion 

Neutron  data  from  a  PbZrotjTi„  ,Oi  pellet 


mole  FRACTION  P6T.O,  IN  PtiliO,  PfcTiO, 


Fig.  2.  Elastic  Gibbs  free  energy  as  a  function  of 
composition  across  the  single-cell  region  of  the  PZT 
phase  diagram  for  three  temperatures  below  room 
temperature. 

were  collected  at  the  Brookhaven  high-flux 
beam  reactor  at  T  =  295  and  9  K.  Pyrolytic 
graphite  in  the  (002)  and  (004)  reflection 
positions  were  used  as  monochromator  and 
analyzer,  respectively.  The  neutron  wave¬ 
length  was  1.429  A  for  the  9  K  patterns  and 
1.650  A  for  the  295  K.  pattern.  Higher-order 
components  were  removed  with  a  pyrolytic 
graphite  filter.  Data  were  collected  at  0.05° 
intervals  over  each  peak  within  a  20  range 
40-125°  for  the  295  and  9  K  scans. 

The  295  K  data  showed  only  reflections 
characteristics  of  the  /?3w  symmetry  la  —  4 
A),  but  at  9  K  a  number  of  extra  reflections 
were  observed.  The  extra  reflections  ob¬ 
served  at  9  K  could  be  identified  as  the 

311.  313.  511,  531.  531 . and  others 

with  It.  k.  and  /  all  odd  indexed  on  a  doubled 

cell  In  ~  8  A). 

Structural  Model  and  Data  Reduction 

Based  on  previous  studies  (It).  II),  the 
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rhombohedral  -rhombohedral  transition 
was  expected  to  stem  from  the  tilt  system 
a'  a~  a~  [Glazcr  (/J)]  or  4>  <f>  <t>  [Aleksan¬ 
drov  (/.?)].  In  the  Glazer  notation,  e  sys¬ 
tem  of  "rigid  octahedra"  tilts  is  repre¬ 
sented  by  the  symbol  a'  b‘  ck  where  u.  b. 
and  c  represent  rotations  about  the  three 
pseudocubic  axes.  The  superscripts  i.j.  and 
k  denote  the  sense  of  rotations  of  adjacent 
comer-linked  octahedra.  such  that  + 
means  the  same  sense,  -  means  opposite 
sense,  and  0  means  no  rotation.  Therefore, 
the  tilt  system  a~  a~  a~  means  three  equal 
rotations  of  the  Zr/Ti06  octahedra  about 
the  pseudocubic  axes  <  100),  with  neighbor¬ 
ing  octahedra  rotating  in  opposite  senses. 
The  tilt  system  a~  a~  a~  produces  R2c 
(nonpolar)  symmetry  for  the  lower-temper¬ 
ature  phase  (9  K).  However,  since  this 
transition  is  expected  to  be  similar  to  those 
reported  previously  for  other  PZT  composi¬ 
tions  (10,  II),  the  structure  was  refined  in 
space  group  (/?V).  The  polarity  results 
from  cation  displacements  along  the  rhom¬ 
bohedral  [III]  direction. 

The  PbZr0  6Ti04  Oj  structures  were 
refined  by  means  of  the  profile-fitting  tech¬ 
nique  (2,  M).  The  following  scattering 
lengths  were  used:  0.94,  0.71,  -0.34.  and 
0.58  x  I0~15  cm  for  Pb.  Zr,  Ti,  and  O, 
respectively.  The  refined  parameters  in¬ 
cluded  a  scale  factor,  three  half- width  pa¬ 
rameters  defining  the  Gaussian  line  shapes, 
a  counter-zero  error,  isotropic  temperature 
factors,  atomic  coordinates,  and  unit  cell 
parameters. 

In  the  rhombohedral  phases  we  chose  to 
use  the  double  pseudocubic  cell  ( a  -  8  A). 
The  fractional  atomic  coordinates  of  the 
/?3c  phase  are  then  given  by  (21). 

x  y  z 

Pb  i  +  J  1  +  J  i  +  s 

Zr/Ti  t  1  1 

O  -e  +  d  i  -  2d  e  +  d 

s  and  t  represent  the  fractional  cation  dis¬ 
placements  along  the  three-fold  axis. 


measured  with  respect  to  an  origin  lying 
midway  between  opposite  faces  of  an  ox¬ 
ygen  octahedron.  The  parameter  cl  is  a 
measure  of  the  octahedron  distortion, 
which  makes  the  upper  and  lower  faces 
different.  The  c  parameter  indicates  the 
rotation  of  an  octahedron  about  the  triad 
axis,  with  an  angle  of  tilt  to,  given  by  tan 
to  =  4<3)l,2e. 

In  the  R2m  phase  there  are  no  tilts, 
and  e  is  equal  to  zero.  The  pseudocubic 
cell  is  not  doubled  in  this  phase,  but  to 
facilitate  comparison  of  the  two  phases 
we  also  used  a  doubled  cell  to  describe 
Rim.  This  was  accomplished  for  R3m  by 
using  the  same  symmetry  operators  used 
for  R3c  and  adding  the  constraint  .r  =  y 
for  the  prototype  oxygen  atom,  in  addi¬ 
tion  to  v  +  y  +  ;  =  }. 

Table  I  summarizes  the  refined  parame¬ 
ters  in  each  phase.  The  numbers  between 
brackets  represent  the  standard  deviation 
in  the  least  significant  digit.  Figure  3  shows 
calculated  and  observed  intensity  profiles 
for  the  two  phases.  The  fit  between  ob¬ 
served  and  calculated  profiles  is  quite  good. 
The  metal-oxygen  bond  lengths  deter¬ 
mined  by  neutron  diffraction  together  with 
the  sum  of  ionic  radii  "IR"  of  Shannon  and 
Prewitt  ( 15),  are  listed  in  Table  11. 

In  addition,  a  limited  amount  of  data  was 
collected  as  a  function  of  temperature  with 
2.46  A  neutrons.  The  evolution  of  the 
strongest  superlattice  reflection,  pseudocu¬ 
bic  (311),  is  illustrated  in  Fig.  4,  and  the 
integrated  intensities  normalized  with  re¬ 
spect  to  the  fundamental  (220)  reflection  are 
shown  in  Fig.  5.  From  this  it  can  be  inferred 
that  the  transition  is  unusually  broad, 
and  starts  somewhat  between  250  and 
300  K.  The  analogous  transformation  in 
PbZra9Tii,.,03  is  similarly  rather 
poorly  defined  (16,  17). 

Close  inspection  of  the  data  taken  at  295 
K  with  1.65  A  neutrons  reveals  a  quite 
distinct  modulation  to  the  background  scat¬ 
tering,  as  can  be  seen  in  Fig.  6  (lower 
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TABLE  I 


Refined  Parameter  For  PbZr»,Ti„40| 


Temperature  ( K) 

9 

295 

Shape  parameters 

Phase 

F,,  (LT) 

F„  (HT) 

Space  group 

Rlc  (CJ,) 

Rim  (C3.) 

(A) 

5.7597  (5) 

5.7550  (4) 

o,  (A) 

14.2510  (12) 

14.2138  (11) 

2<t  (A) 

8.1730  (6) 

8.1618  (41 

a  O 

89.614  (3) 

89.676  (3) 

Distortion  parameters 

5 

0.0343  (3) 

0.0310  (4) 

t 

0.01 14  (5) 

0.0108  (7) 

d 

-0.0028  (1) 

-0.0023  (I) 

e 

0.0105  (2) 

— 

«n 

4.2  (1) 

— 

Thermal  parameters 

R  tPb) 

0.57  (5) 

1.9(1) 

B  (Zr.Ti) 

1.50(2) 

1.10  (17) 

BIO) 

1.24  (8) 

1.57  (7) 

Statistical  parameters 

Number  of 

paramcteis  IP) 

14 

13 

Number  of 

observations  (<V) 

802 

934 

Number  of 

reflections 

75 

44 

B,  1*  )* 

1.68 

4.85 

R,  (r-f)* 

10.37 

11.08 

R,  ivr 

11.70 

14.28 

W 

9. 55 

6.34 

* «,  «  100  s  [/*,  - 

(l/e)/„lc]/i/„. 

*  R,  =  100  s  [>*,  - 

"/‘•bV.aJ/S.v,* 

*  R,  =  100  {Swtv*. 

-  (l/ei.vt.,u  f-« 

•bwrr- 

*  (the  expected  R  factor)  = 

I0U((N  -  P  + 

C  I/XkIv, «. 

Sole.  I,t„.  l,Au  =  observed  and  calculated  inte¬ 
grated  intensity  of  each  reflection..',,,,.  y,„k.  “  ob¬ 
served  and  calculated  profile  data.  »■  =  weight  allot¬ 
ted  to  each  data  point. 


pattern).  This  type  of  modulation  most 
likely  arises  from  static  displacements  in 
preferred  directions,  since  random  dis¬ 
placements  would  simply  lead  to  a  mono- 
tonically  increasing  background,  as  is  char¬ 
acteristic  of  thermal  diffuse  scattering. 
Calculations  show  that  a  simple  model  in¬ 
volving  relaxation  of  about  0.1  A  of  the  six 
oxygen  atoms  in  a  TiOs  octahedron  towards 
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Fig.  3.  Observed  (dots)  and  calculated  (full  line) 
neutron  intensity  profile  for  the  two  phases  of 
PbZr„  ,Ti0,O3.  The  lower  trace  in  each  case  is  the 
difference  between  observed  and  calculated  profiles, 
(a)  F„(HT)  at  295  K;  (b)  F„(LT)  at  9  K. 


the  small  Ti  atom  is  qualitatively  consistent 
with  the  general  shape  of  the  curve.  How¬ 
ever,  the  221  K  data  from  the  temperature- 
dependence  experiments  which  were  ob¬ 
tained  with  much  better  counting  statistics, 
show  some  structure  in  the  Q  range  0.9-0. 3 


TABLE  II 

Metai -Oxygen  Bond  Lengths 


Bond  length 

(A) 

Bond  type'* 

T  =  295  K 

T  =  9  K 

Sum  of  "IR” 

Zr  Ti-O, 

1.995 

2.005 

2.07 

Zr.  Ti-O, 

2.098 

2.101 

Pb-O, 

2.912 

.3.041 

2.89 

Pb-O, 

2.515 

2.481 

*  O,  and  O,  represent  the  oxygen  atoms  in  the  upper 
and  tower  faces  respectively  of  an  octahedron  viewed 
along  1 1 1 1|. 
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Fig.  4.  Evolution  of  the  pscudocubic  (31 1)  peak  as  a 
function  of  temperature.  Data  have  been  scaled  for 
direct  composition  with  the  4.6  K  data,  except  for  the 
295  K  results,  which  were  obtained  under  slightly 
different  conditions. 


A-',  indicative  of  additional  correlations 
(Fig.  6,  inset).  These  may  reflect  short- 
range  order  which  is  a  precursor  of  the 
tetragonal  phase,  or  perhaps  a  tendency 
towards  ordering  of  Zr  and  Ti. 


Pyroelectric  Discharge  Experiment 
The  Chynoweth  ( 18)  technique  used  to 


Fig.  5  Temperature  dependence  of  the  integrated 
intensity  of  the  pseudocuhic  (311)  reflection. 
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Fig.  6.  Diffuse  neutron  scattering  from 
PbZrgeTi0,Oj.  Lower  diagram  shows  data  taken  at 
295  K  with  1.65  A  neutrons.  Inset  shows  data  taken 
with  better  counting  statistics  at  221  K  with  2.46  A 
neutrons.  Gaps  in  data  correspond  to  Bragg  peaks. 
Arrows  indicate  peak  positions  derived  from  a  primi¬ 
tive  pseudocubic  perovskiie  cell  with  a  =  4.08  A. 


explore  the  material  pyroelectric  response 
in  the  low-temperature  region  is  shown  in 
Fig.  7.  The  sample  (a  ceramic  disk  2.8  mm 


Fig.  7.  Experimental  arrangement  and  the  pyroelec¬ 
tric  signal  as  a  function  of  temperature.  The  four 
curves  represent  successive  heating  and  cooling  cy¬ 
cles. 
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in  diameter  and  0. 1 1  mm  thick)  was  elec- 
troded  with  evaporated  silver  and  mounted 
on  a  glass  substrate.  Using  an  electric  field 
of  20  kV/cm.  the  ceramic  was  poled  at 
room  temperature.  Carbon  black  was 
coated  on  the  upper  silver  electrode  to 
absorb  light.  The  sample  was  then  mounted 
in  a  recessed  copper  holder  and  cooled  with 
liquid  helium  in  an  Air  Products  LT-3-110 
cold  finger.  A  buffer  FET  preamplifier  posi¬ 
tioned  within  the  cold  finger  was  used  to 
minimize  loading  capacitance  on  the  sam¬ 
ple,  thereby  maintaining  reasonable  signal 
levels.  The  sample  was  irradiated  by  a 
chopped  defocused  4-mW  He-Ne  laser  and 
the  pyroelectric  signal  detected  with  a  lock- 
in  amplifier  (PAR-HR8).  The  level  of  pyro¬ 
electric  signal  (mV)  as  a  function  of  temper¬ 
ature  for  two  heating/cooling  cycles  (H,. 
C, )  and  (H2;  C2)  is  shown  in  Fig.  7.  The 
heating/cooling  rates  were  about  4-5 
K/'min. 

The  observed  peak  in  the  pyroelectric 
signal  around  50  K  is  not  due  to  a  ferroelec¬ 
tric-ferroelectric  phase  transition.  It  is 
probably  due  to  (i)  a  relaxation  effect  in  the 
sample  as  evidenced  by  the  gradual  decay 
of  the  311  intensity  in  this  temperature 
region:  (ii)  release  of  energy  stored  in  a 
form  of  secondary  cell  activity  involving 
oxygen  vacancies  which  act  as  charge  car¬ 
riers  and  interact  with  the  metal  electrodes 
(33.  23).  The  laser  beam  chopper  frequency 
is  stable  to  ±0.  Wc  in  the  frequency  range 
5-4000  Hz,  therefore  we  exclude  the  non- 
uniform  heating  or  cooling  effect  "false- 
pyroelectricity"  (34)  as  a  possible  cause  of 
the  observed  signal. 

Correlation  of  the  Spontaneous  Polarization 
and  Atomic  Displacements 

Based  on  a  survey  of  10  different  ferro- 
electrics,  Abrahams  et  at.  {!'))  found  that 
the  spontaneous  polarization  /\  along  the 
polar  axis  is  linearly  related  to  the  homopo- 
lar  atom  shift  5c  (A)  by  the  relation 


TAUI.E  lil 

Zr/Ti  Atom  Shims  anij  Shun  ianious 
Poi  ariza  I  ION 


Zr/Ti 

/',|lll| 

/’.  mu 

T 

Shifts  6: 

from  Eq.  (2) 

from  (l.GD)  Eq.  ( 1) 

(K) 

(A) 

(C/mj-A) 

(C/m,-A) 

:?5 

0.154  (9) 

0. 39  (5) 

0.34 

9 

0.162  (7) 

0.41  (2) 

0.39" 

"Taking  inlo  account  the  zone  center  mode  only. 


/\=A'5r,  (2) 

where  K  =  2.58  (9)  c/nr-A. 

A  slightly  different  value  of  K  -  2.51  (7) 
was  found  to  hold  for  the  PbZr03-PbTiO-, 
system  (20).  Table  III  shows  a  comparison 
between  /%  [  1 1 1  ]  as  calculated  from  Eq.  (2) 
using  the  experimentally  determined  Zr/Ti 
shifts,  and  the/\  ( 1 1 1)  values  obtained  from 
the  (LGD)  phenomenology.  The  agreement 
between  the  phenomenological  F\  values 
and  the  values  determined  from  Eq.  (2)  is 
quite  good. 

Summary  and  Conclusions 

A  rhombohedral  (/?3.oii-rhombohedral 
(Rlc)  phase  transition  was  found  to  occur 
in  PbZr06Ti0.i 0:>.  The  structures  above  and 
below  the  phase  transition  temperature 
were  refined  by  the  neutron  profile  fitting 
method  (3.  14).  The  transition  behavior  in 
this  composition  shows  more  interesting 
features.  It  can  be  seen  from  Fig.  4  that  the 
temperature  dependence  of  the  311  inten¬ 
sity  is  rather  unusual  in  that  it  does  not 
approach  the  temperature  axis  very  sharply 
to  give  a  well-defined  transition.  The  transi¬ 
tion  is  unusually  broad  and  starts  between 
250  and  300  K.  The  diffuse  nature  of  this 
transition  is  perhaps  due  to  short-range 
ordering  of  Zr  and  Ti.  However,  it  is  always 
difficult  to  separate  Bragg-  and  diffuse-scat¬ 
tering  components  from  powder  data, 
therefore,  it  is  premature  to  make  any 
quantitative  conclusions  in  this  respect. 
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The  Landau-Ginsburg-Devonshire 
(LGD)  phenomenological  results  showed 
no  anomalies  of  morphotropy  compositions 
below  room  temperature.  The  spontaneous 
polarization  values  as  determined  from 
the  phenomenological  theory  are  in  surpris¬ 
ingly  good  agreement  with  the  values  calcu¬ 
lated  from  the  Zr/Ti  shifts  using  Abrahams, 
Kurtz,  and  Jamieson's  relation. 
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Abstract— The  chemical  nature  of  the  intrinsic  surface  layer  in  BaTiOs  single 
crystals  and  the  positive  and  negative  surfaces  of  Gd2(Mo04)3  have  been  determined 
using  the  specular  reflection  of  low  energy  inert  gas  ions.  Potassium  and  fluorine 
were  detected  impurities  in  Remeika-grown  BaTi03  crystals.  The  positive  and  nega¬ 
tive  surface  of  gadolinium  molybdate  crystals  were  chemically  identical.  However, 
significant  effects  of  the  orientation  of  the  electric  polarization  vector  on  the 
scattering  of  incident  He-4  ions  were  observed.  The  ion-beam  irradiated  areas 
showed  a  passivation  effect  towards  chemical  etchants. 


INTRODUCTION 

Several  experimental  studies1  have  provided  indirect  evidence  of  a  "modified"  layer 
at  the  surfaces  of  ferroelectric  materials.  Such  layers  can  exert  significant  influence 
on  the  coercive  field,  switching  time,  permittivity,  etc.,  in  very  thin  specimens. 
Generally,  two  types  of  models  have  been  proposed:  (1)  a  physical  model  of  space  charge 
layers  due  to  surface  ionic  vacancies,  and  (2)  a  chemical  model  in  which  the  thin  layer 
is  part  of  the  crystal2  and  may  be  chemically  different  from  the  bulk.  In  gadolinium 
molybdate  (GMO),  the  apparent  influence  of  the  electric  fields  associated  with  the 
emergent  spontaneous  polarization  on  the  chemical  reactivity  of  the  surface  has  been 
utilized  to  reveal  the  domain  structure.5  That  is,  when  dipped  in  a  dilute  hydrofluoric 
acid,  coherent  and  firmly  adhering  films  of  gadolinium  fluoride  are  produced  on  the 
surface.6  The  thickness  of  the  film  differs  for  domains  of  opposite  polarity,  so  that 
the  underlying  domain  structure  is  revealed  in  reflected  white  light  by  clear  inter¬ 
ference  colors. 

The  elastic  scattering  of  low  energy  inert  gas  ions  has  been  utilized  to  determine 
the  chemical  nature  of  (1)  "as-grown"  BaTi03  surfaces,  and  (2)  polar  surfaces  of  GMO 
single  crystals. 

EXPERIMENTAL  PROCEDURE 

The  multi-domain,  unpoled,  BaTi03  single  crystals  were  grown  by  the  Remeika  method 
in  a  potassium  fluoride  flux.  The  surfaces  were  examined  in  the  "as-grown"  condition, 
i.e.,  without  etching  or  polishing  to  determine  the  intrinsic  layer. 

The  GMO  samples  were  cut  from  a  single  crystal  boule  with  the  major  faces  peroendi- 
cular  to  the  ferroelectric  [001]  axis.  After  polishing  with  1/4  urn  alumina  oowder.  the 
plates  were  poled  by  applying  a  shear  stress  along  a  b_  axis.  Essentially  single  domain 
surfaces  were  utilized;  the  polarity  was  determined  using  a  Berl incourt  d 33  meter. 

In  ion  surface  scattering  (ISS),  a  beam  of  low  energy  ( <2  kV )  inert  gas  ions 
impinges  the  sample  surface  and  the  energies  of  ions  elastically  scattered  by  surface 
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atoms  in  a  known  direction  are  measured.  The  struck  atoms  are  identified  according  to 
mass  by  applying  conservation  of  momentum  and  energy. 

The  ISS  data  were  obtained  at  typical  probe  ion  current  densities  of  about  20-25 
_A/cn2  using  a  Imm-FWHM-diam  1500  eV  He-4  ion  beam.  The  scattering  angle  was  90°.  For 
studying  oppositely  poled  surfaces  of  GMO,  the  spectra  were  recorded  under  identical 
experimental  conditions,  i.e.  constant  ion  beam  and  charge  neutral ization  currents. 

Shifts  in  position  of  the  scattered  ion  peaks  as  a  function  of  surface  potential  were 
studied  by  biasing  a  metallic  target  at  +21.6,  0,  and  -21.6  volts  with  respect  to  ground. 

RESULTS  AND  DISCUSSION 

BaTiOj  crystal s.  Fig.  1  shows  the  ISS  data  obtained  from  the  "as-grown"  BaTi03 
crystal!  The  predominant  impurities  were  potassium  and  fluorine.  The  plot  shows  that 
the  Ba  peak  grows  as  the  potassium  peak  decreases.  When  K  was  no  longer  detectable,  the 
Ba  signal  assumed  a  stable  value.  Similar  opposite  variations  were  observed  in  the 
oxygen  and  fluorine  signals.  These  results  were  consistent  with  the  suggestion  that 
potassium  and  fluorine  form  substitutional  impurities  in  Ba  and  0  sites,  respectively. 7 
Since  Ba,  Ti  and  oxygen  were  detected  initially,  these  impurities  were  not  uniformly 
distributed  on  the  surface. 

GMO  crystals.  The  composition  of  the  outer  surface  of  a  polished  GMO  crystal  is 
revealed  in  a  series  of  scans  shown  in  Fig.  2.  One  interesting  feature  is  the  variation 
of  the  Mo  signal  relative  to  the  Gd  peak.  The  initial  spectra  of  Fig.  2a  indicated  a 
predominantly  Mo  rich  layer.  After  40  min  of  ion  bombardment,  Fig.  2c,  the  Mo  peak  was 
lower  than  the  Gd  signal.  No  changes  from  the  spectra  shown  in  Fig.  2c  were  observed 
even  under  prolonged  ion  bombardment. 

Spectral  features  revealed  by  Fig.  2a  were  independent  of  surface  preparation 
techniques:  (1)  mechanically  polished  (MP),  (2)  MP  and  annealed  in  air  for  20  h  at  120°C, 


rI3.  1.  ISS  signal  vs.  sputtering  time  for  FIG.  2.  The  spectrum  of  ilHe+  ions  scattered 
fie  intrinsic  layer  in  Remeika  grown  BaTiQ2  from  a  GMO  crystal  at  (a)  1  min,  (b)  17  min 
crystals.  and  (c)  40  min  of  ion  bombardment. 
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and  (3)  MP  and  chemically  etched  in  HNO3  acid.  Variations  of  the  Gd  and  Mo  signals  with 
ion  bombardment  time  were  the  same  for  "positive"  and  "negative"  surfaces. 

Fig.  3  shows  the  effects  of  changing  the  surface  potential  on  the  position  of  the 
scattered  ion  peak,  for  1500  eV  Ne-20  ions  incident  on  cobalt.  Biasing  the  target  above 
(below)  ground  shifts  the  scattered  ion  peak  towards  higher  (lower)  energy  ratios.  The 
additional  peaks  at  Es/Eo  <  0.100  correspond  to  target  atoms  which  are  ejected  or 
sputtered  as  ions.  The  sputtered  ion  peaks  start  at  0,0  and  %  12  V  above  ground  when  the 
target  is  biased  at  -21.6,  0.00  and  +21.6  V  relative  to  ground,  respectively.  That  is, 
at  positive  bias,  the  beginning  of  the  sputtered  peakis  shifted  towards  higher  energies. 

Fig.  4  shows  the  spectrum  of  sputtered  and  scattered  ions  for  He-4  incident  on  (a) 
the  domain  with  the  positive  end  of  the  dipole  on  the  surface,  and  (b)  the  negative 
domain  of  GM0.  In  Fig.  4a,  the  position  of  the  oxygen  and  gadolinium  peaks  are  displaced 
from  their  normal  values  of  0.600  and  0.950  in  90°  ISS.  No  shifts  in  position  of  the 
corresponding  peaks  for  the  negative  domain  were  detected.  Subtle  differences  in  the 
energy  distribution  and  intensity  of  sputtered  ions  from  these  two  types  of  domains  were 
noted.  A  reduction  in  intensity  accompanied  by  a  broader  distribution  in  energy  was 
obtained  in  Fig.  4a. 

The  displacement  of  ion  scattering  peaks  from  positions  predicted  by  binary  scatter¬ 
ing  was  discussed  by  Helbig  et  al.8  They  showed  that  displacement  to  higher  energies  due 
to  charging  in  insulating  samples  is  caused  by  the  repelling  field  which  changes  both  the 
scattering  angle  and  the  impact  energy  of  the  incident  ion  during  the  collision.  The 
data  in  Fig.  4a  do  not  show  a  shift  in  the  appearance  threshold  of  the  sputtered  peak. 
Hence,  the  displacement  of  the  scattered  peaks  cannot  be  due  to  positive  charge  build-up 
on  the  surface. 
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FIG.  3.  Sputtered  and  scattered  ion 
spectra  for  1500  eV  Ne-20  ions  incident 
to  cobalt  for  target  bias  of  -21.6,  0.00 
and  +21.6  v  relative  to  ground. 


FIG.  4.  Scattered  and  sputtered  ion  spectra 
for  1500  eV  ^He+  incident  on  (a)  the  domain 
with  the  positive  end  of  the  dipole  on  the 
surface,  and  (b)  the  negative  domain  of  GMO 
crystals. 


Passivation  of  GMO  surfaces.  We  observed  that  irradiating  the  GMO  surfaces  with  He, 
Ne  or  Ar  ions  caused  marked  changes  in  the  chemical  reactivity  of  the  bombarded  region.9 
These  areas  exhibited  passivation  against  chemical  attack  by  dilute  HF.  Figure  5  shows 
this  effect  in  which  only  the  grid-covered  portion  of  the  crystal  was  decorated  with  GdF3 
In  order  to  confirm  the  vast  reduction  in  chemical  reactivity  of  the  ion  bombarded 
surface,  the  ISS  spectra  of  passivated  and  unpassivated  areas  were  compared.  The  fluorine 
signal  in  the  passivated  region  was  less  than  5X  of  its  value  from  the  decorated  portion. 
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In  addition  to  this  small  fluorine  signal,  the 
ISS  spectra  from  the  bombarded  surface  were 
similar  to  Fig.  2c. 

Amorphisino  a  very  thin  surface  layer  to 
the  extent  of  reducing  its  chemical  reactivity 
and  implantation  of  inert  gas  ions  have  been 
proposed9  to  explain  the  observed  passivation. 
The  phenomenon  may  be  of  considerable  interest 
in  device  applications  of  GMO. 
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FIG.  5.  Passivated  and  unpassivated 
areas  revealed  by  decoration  of  ion 
beam  irradiated  c  surface  of  GMO 
crystal. 
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Abstract-Detailed  investigation  of  orthogonal  domains  in  (001)  sections  of  single 
crystal  ferroelectric  ferroelastic  gadol inium  molybdate  (Gd2(Mo04)3,GM0)  have  been 
undertaken  using  a  high  resolution  decoration  technique.  Both  the  cusplike 
features  and  the  bowing  of  the  planar  walls  in  the  extended  strain  fieldsare 
observed.  Thickness  of  the  180  degree  walls  as  revealed  by  the  decoration  tech¬ 
nique  is  estimated  to  be  less  than  1  u. 


INTRODUCTION 

The  interactions  between  domain  walls  in  ferroelastic:ferroelectrics  are  of  funda¬ 
mental  interest  and  also  of  practical  importance  in  the  development  of  controlled 
domain  geometries  for  certain  device  applications'.  Orthogonal  walls  occur  quite 
frequently  in  ferroelastic  crystals  and  often  involve  large  associated  strain  fields. 
The  problem  of  wedge  shaped  domains  and  of  the  shape  of  wedge  terminations  near  ortho¬ 
gonal  plane  walls  has  been  treated  recently  by  Indenbom  and  Chamrov2.  This  analysis 
suggests  the  existence  of  a  cusp  at  the  tip  of  a  wedge  which  approaches  an  orthogonal 
wall. 


In  the  present  paper  detailed  investigation  of  orthogonal  domains  in  (001)  sections 
of  single  crystal  ferroelectric: ferroelastic  gadolinium  molybdate  (Gd2(Mo04)3,GM0)  have 
been  undertaken  using  chemical  etching  techniques. 

EXPERIMENTAL  RESULTS  AND  DISCUSSION 

HC1 ,  HNO3  and  HF  acids  attack  (001)  surfaces  of  GM0  single  crystals  but  each  one 
in  slightly  different  way.  Hydrochloric  acid  (10%)  reveals  domain  walls,  dislocations 
and  the  phase  boundaries  in  negative  domains  only.  Dilute  HNO3  (5-10%)  reveals  disloca¬ 
tion  sites,  domain  walls  and  phase  boundaries  in  both  positive  and  negative  domains. 

A  1-2%  water  solution  of  hydrofluoric  acid  reveals  the  domain  walls  only  but  the 
etching  rates  are  different  for  positive  and  negative  domains.  Based  on  these 
studies,  a  simple  technique  has  been  developed  to  study  the  domain  structure  of  GM0. 
Under  suitable  conditions  the  reaction  in  weak  hydrofluoric  (1%)  acid  can  produce  uni¬ 
form,  coherent  and  firmly  adhering  films  of  GdF3-  Since  on  the  (001)  crystal  faces  the 
reaction  rates  differ  for  positive  and  negative  emergent  domains  and  domain  walls  area 
the  film  thickness  is  different  over  domains  of  different  sign  and  the  domain  wall. 

The  large  differences  of  optical  refractive  index  between  GdF3  and  Gd2(Mo04)3  causes 
film  of  suitable  thickness  to  exhibit  strong  interference  colors  in  reflected  white 
light  which  clearly  reveal  the  underlying  domain  structure^  and  the  domain  wall.  The 
technique  has  a  very  high  resolution  (^lu)  and  is  utilized  in  the  present  studies  to 
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examine  the  domain  geometries  as  influenced  by  the  dislocation  features  associated 
with  the  domain  walls,  domain  tips  and  at  the  junction  of  the  orthogonal  domains. 

On  the  basis  of  dislocation  theory  domain  walls  can  be  represented  as  an  array  of 
edge  dislocations  continuously  distributed  along  the  direction  of  the  wall.  In  GMO 
the  domain  walls  run  along  [110]  and  [iTO]  in  the  c-plane.  The  planar  antiparallel 
domains  adjacent  to  these  walls  are  in  twin  relationship  with  each  other.  In  a  non- 
planar  or  wedge  shaped  domains  the  domain  tip  can  be  considered  as  the  assemblage  of 
dislocations^  with  a  resultant  burger  vector  S  =  2weXy,  where  w  is  the  domain  width 
and  eXy  is  the  spontaneous  shear  strain.  Figure  1(a)  shows  the  dislocation  etch  pit 
at  the  tip  of  the  wedge  domain  and  the  different  types  of  pits  revealed  in  positive 
and  negative  domains  Fig.  1(b).  Such  features  could  be  revealed  by  the  chemical 
action  of  dil.  HNO-j  on  the  "decorated”  (001)  surfaces  of  GMO. 

The  interactions  between  the  various  typesof  domain  walls  in  GMO  on  the  basis  of 
dislocation  theory  is  shown  in  Figure  2.  In  the  case  of  a  right  angle  wall  two  possible 
mismatched  2eXy  or  -2eXy  between  the  lattices  at  the  domain  wall  occurs.  A  strain 
field  is  created  to  accomodate  the  mismatch  of  the  lattices  of  two  domains.  Two  ortho¬ 
gonal  families  of  domain  have  the  large  strain  fields  associated  at  the  junction  which 
can  be  represented  by  the  resultant  edge  dislocation  (Figures  2  and  3).  Such  disloca¬ 
tion  strain  or  stress  fields  result  in  the  bowing  of  the  planar  walls  and  cusp-like 
features  at  the  junction^.  Some  of  these  features  have  been  studied  on  thin  sections 
of  GMO  in  transmission  electron  microscopy^  but  other  studies  on  the  bulk  samples  have 
not  shown  clearly  these  characteristics  due  to  the  lack  of  desired  resolution.  In  our 
studies  we  were  able  to  reveal  the  dislocation  strain  fields  at  the  junction  and  the 
bowing  of  the  walls  in  the  extended  strain  fields  by  decoration  technique  (Figure  4). 
Even  though  the  stable  configuration  at  the  junction  is  reached,  a  substantial  amount 
of  strain  energy  due  to  lattice  misfit  is  preserved  in  the  area  as  shown  by  the  decora¬ 
tion  colors  in  the  region.  A  subsequent  etching  of  the  crystal  with  5%  HNO3  revealed 
the  presence  of  these  strain  fields  as  indicated  by  the  dislocation  etch  pits  at  the 
junction  of  the  wedge  shaped  domain  approaching  the  orthogonal  wall. 

130  degree  domain  wall  thickness  in  a  ferroelastic- ferroelectric  GMO  crystal  are 
estimated  by  various  authors  (Table  1)  to  be  of  several  hundred  lattice  spacings  in 
contrast  to  ferroelectric  BaTi03  where  these  thicknesses  are  only  a  few  lattice  spao 
ings®.  Kittel7has  predicted  theoretically  the  thicker  ferroelastic  walls  and  estimated 
the  180  degree  wall  thickness  in  GMO  %  0.4y  and  90°  domain  walls  in  BaTi03  %  O.lu 
thick.  These  estimates  are  in  close  agreement  with  the  experimentally  observed  values 
between  0.8u  and  3u  in  GMO  for  the  180  degree  walls^  and  0.4u  in  BaTiOg  . 

The  decoration  technique  has  resolution  better  than  ly  and  domain  tips  of  ;vly 
observed  in  the  present  studies  suggested  the  domain  wall  thickness  <lu.  The  various 
reported  values  of  the  domain  wall  thickness  in  the  bulk  crystals  are  much  larger 
than  the  100  A  value  reported  by  electron  microscopic  observations  on  2000  A  thick 
crystals.  The  discrepancy  may  be  due  to  the  surface  tension  forces  which  become 
prominently  more  effective  in  controlling  the  elastic  fields  and  deviation  of  the 
domain  walls  from  their  proper  planes  in  a  very  thin  crystal. 
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INTERACTIONS  BETWEEN  ORTHOGONAL  DOMAIN  WALLS  IN  GADOLINIUM  MOLYBDATE 


Table  1.  Domain  wall  thickness  in  ferroelectric- 
ferroelastic  GMO  single  crystal  as  esti¬ 
mated  by  various  techniques. 


Author 

wall  thickness 

(u) 

c-plate  thickness 
(ran) 

1 

Technique 

Kittel  ^ 

0.4 

Theoretical  modeling 

Q 

Shepherd  et  al . 

0.8 

0.76 

Raman  Scattering 

3y 

0.76 

Polarizing  microscope  with 
highly  convergent  beam 

Suzuki10 

1.3 

0.76 

Fraunhofer  diffraction 

Yamamoto  et  al . 1 1 

0.01 

2  x  10'4 

Electron  microscope 

Present  studies 

<lu 

0.5  -  1 

"Decoration" 
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Figure  1.  (a)  dislocation  etch  pit  at  the  tip  (A)  of  the  wedge  domain  (X600)  and 

(b)  dislocation  etch  pits  in  positive  and  negative  domains  as  revealed 
by  etching  of  (001)  surfaces  of  GMO  with  5%  HNO^  water  solution  (x200). 
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Figure  3.  Dislocation  etch  pits  (A)  at  the 
junction  of  the  orthogonal  domains 
(001)  surface,  (x200). 


u> 
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Figure  2.  Lattice  mismatch  at  the  junction 
of  orthogonal  domain  walls.  Dis¬ 
location  representations  of  (a) 
domain  wall  (b)  right  angle  domain 
wall  (c)  interaction  between  the 
planar  and  right  angle  domain 
wall  (d)  and  (e)  twin  wedge  model 
at  the  intersection  of  the  ortho¬ 
gonal  walls. 


Figure  4.  Bowing  of  the  planar  wall  and  the  cusplike  features  at  the  junction  of  the 
orthogonal  domains  as  revealed  by  the  decoration  technique.  'A'  Residual 
stress  fields  ( xl 200 ) . 
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Ferroelectric  Lead  Bismuth  Niobate  (PbBi2Nb209) 


U1IUSUAL  FERRO ELASTIC  BEHAVIOR  IN  FERROELECTRIC  LEAD 
BISMUTH  NIOBATE  (PbB^Nb^) 
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Abstract  X-ray  and  optical  measurements  are  used  to  show 
that  the  spontaneous  strain  (b/a-1)  and  optical  birefringence 
Anat,  in  single  crystals  of  ferroelectric  PbBi2Nb2^9  are  a 
function  of  the  state  of  electrical  poling,  going  to  a  zero 
in  the  unpoled  state.  In  poled  crystals  all  spontaneous 
strain  is  lost  at  a  temperature  't200°C  below  the  dielectric 
Curie  temperature  in  a  manner  reminiscent  of  the  behavior  of 
the  perovskite  relaxor  f erroelectrics  which  have  diffuse 
phase  transitions. 


Lead  bismuth  niobate  (PbBi?Nb„0Q)  is  one  member  of  a  large 

1  1  ^  1-3 

family  of  ferroelectric  bismuth  oxide  layer  structure  compounds. 

2+ 

In  PBH,  the  bismuth  oxide  Bi70„  layers  are  separated  by  two 
,  ,  2-  “  1  4 

perovskite-like  PbNb20^  sheets.  The  structure  has  been  reported 
to  be  orthorhombic  C^  (Fmm2)^  and  it  is  expected  to  have  4  domain 
states  in  which  the  polar  axis  lies  along  110,  IlO,  llo,  or  llo  in 
the  plane  normal  to  the  prototypic  4-fold  axis.  The  prototypic 
group  is  centric  so  that  180°  domain  states  will  be  strain  identical 
(ferroelectric)  whilst  90°  domains  will  exhibit  ferroelastic 
behavior.  Earlier  spontaneous  strain  measurements  by  Ismailzade^ 
on  powder  samples  show  an  unusual  slow  tailing  off  of  the  sponta¬ 
neous  strain  at  temperatures  well  below  the  dielectric  Curie  point, 
with  a  gradual  disappearance  of  the  last  vestiges  of  strain  very 

close  to  T  . 

c 

Single  crystal  boules  of  PBN  for  this  study  were  grown  by  Dr. 

M.  Brun  by  Czochralski  pulling^  and  exhibited  large  5  x  5  x  5  mm 
volumes  which  appear  optically  twin  free. 


FIGURE  1.  Lattice  parameters  a  and  b  versus  temperature  for  single 
crystal  lead  bismuth  niobate  (PBN) . 

X-ray  measurements  taken  on  annealed  unpoled  single  crystals 
using  a  Picker  4-circle  goniometer  show  no  measurable  difference  in 
b-  and  a-axial  lengths  (datum  point  in  Fig.  1).  Also,  c  sections 
of  the  annealed  crystal  examined  in  polarized  light  show  no  bire¬ 
fringence  (Anab  0) •  0n  poling  under  DC  field  of  10  kV/cm,  how¬ 
ever,  the  crystals  exhibit  clearly  different  b-  and  a-axial  dimen¬ 
sions  (b/a  #  1),  Fig.  1,  but  the  distinction  is  lost  at  a  temperature 
of  325°C,  more  than  200°C  below  the  dielectric  Curie  Maximum.  In 
polarized  light,  the  poled  sample  also  shows  a  clear  birefringence 
In^  =  0.0035  measured  in  white  light  using  a  Berek  type  compensa¬ 
tor. 

Dielectric  measurements  on  'a'  axis  plates  show  an  obvious 

Curie  maximum  in  e  near  555°C  (Fig.  2)  and  Curie  Weiss  behavior 
5 

(C  =  1.4  x  10  °K)  above  T  .  In  the  lower  temperature  domain  below 
T^,  a  shoulder  sometimes  appears  in  the  curve  on  first  heating 
(Fig.  2)  which  appears  to  have  a  dispersive  character. 

On  the  poled  'a'  plate  after  27  kV/cm  for  20  minutes,  a  d...  of 

-12  11 
24  x  10  C/N  was  measured  using  a  Berlincourt  d^ 


t  . 


meter . 


FIGURE  2.  Weak  field  dielectric  constants  £a  and  ec  versus  tempera¬ 
ture  for  single  crystal  lead  bismuth  niobate  (PBN)  mea¬ 
sured  at  a  frequency  of  10  kHz. 


It  is  interesting  to  note  the  similarity  in  the  behavior  of 

PBN  to  that  of  single  crystals  in  the  perovskite  family  which 

exhibit  diffuse  phase  transitions,  e.g.,  Pb/Mg^^nb.,^)^  •  In  these 

materials  again  there  is  the  absence  of  any  measurable  spontaneous 

7  8 

strain  in  the  unpoled  crystals  ,  zero  birefringence  and  similar 
poling  behavior,  with  In  going  to  zero  at  a  temperature  much  below 

g 

the  dielectric  Curie  point  maximum. 

For  PBN,  it  is  suggested  that  a  micro-domain  structure  with 
dimensions  less  than  the  wavelength  of  light  may  also  be  responsible 
for  cancelling  the  birefringence.  The  interesting  new  feature  in 
our  measurements  is  the  clear  evidence  that  spontaneous  strain  is 
also  effectively  eliminated.  We  are  tempted  to  believe  that  the 
low  spontaneous  strain  of  the  poled  crystal  b/a  ^  1.003  may  permit 
the  normally  strain-forbidden  (001)  domain  walls  to  occur.  Thus 
closely  knit  overlapping  orthogonal  domains  may  eliminate  In  and 
clamp  out  the  strain  b/a. 


Ic  is  difficult  to  ascertain  from  present  data  whether  the 
absence  of  b/a  f  1  above  325°C  in  the  poled  crystal  is  due  to  insta¬ 
bility  of  the  micro-domain  structure,  as  in  PbOIg.^N^/^O^  >  or  is 
associated  with  a  second  phase  change.  Clearly,  from  the  piezoelec¬ 
tric  datum,  the  phase  below  325°C  in  the  poled  crystal  is  ferro¬ 
electric,  in  the  species  4/mmm  (2)  D4  Fmm2.  Additional  measurements 
are  now  being  undertaken  to  better  characterize  the  intermediate 
temperature  region. 
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The  shape-memory  effect  in  PLZT  (Lead  Lanthanum  Zirccnate  Titanate)  ceramics  with  com¬ 
position  x/65/35  (4.0  <  x  <,  8.0)  has  been  investigated  using  bending  experiments  and  tem¬ 
perature  cycling  Relationships  between  load  and  the  degree  of  bending,  together  with  their 
temperature  dependence,  have  been  determined,  and  characteristic  temperatures  associated 
with  the  onset  and  disappearance  of  the  pseudo-plastic  shape  change  arc  compared  with  the 
observed  dielectric  anomalies  Effects  of  mechanical  stress  and  electric  field  on  the  shape- 
memory  temperatures  and  the  magnitude  of  strain  have  also  been  investigated.  It  is  concluded 
that  domain  alignment  and  the  temperature-dependence  of  spontaneous  strain  are  important 
factors  governing  the  shape-memory  effect  in  ferroelectrics.  Preferred-orientation  effects  have 
been  confirmed  by  X-ray  diffraction  analysis. 


1  INTRODUCTION 

The  recovery  of  a  plastically  deformed  material  to  its  original  shape  by 
heating  is  called  the  shape-memory  effect.  This  effect  has  been  extensively 
studied  in  metallic  alloys  and  is  generally  associated  with  martensitic 
phase  transformations  (Warlimom,  1976;  Delaey,  Krishnan,  Tas,  and 
Warlimont,  1974).  Phase  transformations  in  ferroelectric  materials  are  not 
martensitic,  but  Schmidt  and  Boczek  (1978)  observed  apparently  similar 
effects  in  PLZT  ceramics.  Details  of  the  phenomena  occurring  in  PLZT  are 
not  clear. 

Applications  for  PLZT  ceramics  include  a  number  of  different  optical 
devices  (Hacrtling  and  Land.  1971;  Maldonado  and  Meitzler,  1970.  1971; 
Maldonado  and  Anderson,  1971).  The  materials  of  interest  are  convention¬ 
ally  referred  to  in  the  x/y/z  notation,  where  x  gives  the  atomic  percentage  of 
La  and  y/z  is  the  Zr  to  Ti  ratio.  Attention  has  generally  been  concentrated 
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on  materials  of  composition  x/65/35.  Those  with  x  >  4.5  exhibit  an  in¬ 
teresting  phenomenon  called  penferroelectricity  (Mcitzler  and  O’Bryan, 
1973),  quasi-ferroelectricity  (Carl  and  Geiscn,  1973)  or  /?  -*  a  phase  trans¬ 
formation  (Keve  and  Annis,  1973).  PLZT  specimens  with  x  =  8.0  show 
relaxor  behavior  with  a  diffuse  phase  transition. 

This  paper  describes  the  shape-memory  effect  in  PLZT  ceramics  with  La 
concentrations  between  4.0  and  8.0  at.  %.  Because  of  their  simplicity, 
bending  experiments  were  used  to  investigate  the  shape  change.  The  effects 
of  stress  and  La  content  on  the  magnitude  of  bending  strain,  and  on  the 
memory  effect  were  determined.  The  characteristic  temperatures  associated 
with  the  shape-memory  effect  were  compared  with  the  dielectric  anomalies, 
and  it  was  concluded  that  ferroelectric  domains  are  the  main  cause  of  the 
shape-memory  effect  in  ferroelectric  ceramics. 

2  EXPERIMENTAL 

Five  hot-pressed  PLZT  ceramic  wafers  with  compositions  x/65/35  (x  =  4.0, 
6:5,  7.0,  7.5  and  8.0)  were  obtained  from  Dr.  William  Harrison  at  Honeywell 
Inc.  The  wafers  were  cut  and  polished  into  rectangular  bars  of  width  2  mm, 
thickness  0.35  mm  and  length  15  mm.  and  then  annealed  at  600"C  for  15  h. 

Bending  experiments  were  used  to  measure  the  shape  change.  The 
specimen  was  positioned  on  two  knife-edge  supports  separated  by  12  mm, 
and  surrounded  by  a  small  brass  box.  A  heater  placed  under  the  box  could 
raise  the  temperature  up  to  270°C,as  measured  by  a  thermocouple  positioned 
near  the  sample.  One  end  of  a  glass  rod  was  placed  at  the  center  of  the  sample 
and  the  other  end  attached  to  a  dilatometcr  probe.  Movement  of  the  probe 
was  measured  with  a  differential  transformer.  To  apply  load  to  the  sample, 
lead  weights  were  placed  on  a  shelf  attached  to  the  glass  rod. 

The  sample  was  heated  to  a  selected  temperature  above  the  Curie  tem¬ 
perature.  and  the  load  was  then  applied.  The  sample  was  then  cooled  to 
room  temperature  under  constant  load.  At  room  temperature  the  load  was 
removed  (except  for  the  8.6  g  weight  of  the  measurement  probe)  and  the 
sample  was  then  reheated.  During  the  reheating  cycle,  the  glass  rod  and 
dilatometer  probe  maintained  contact  with  the  sample  to  measure  the 
amount  of  bending 

Stress  and  strain  were  calculated  assuming  a  circular  arc.  Since  both 
stress  and  strain  are  functions  of  position  throughout  the  cross-section  of 
the  bar.  the  calculated  values  are  for  the  maximum  stress  and  strain  present 
on  the  outside  surface  of  the  bar. 

Dielectric  properties  were  measured  at  frequencies  of  1,  10,  100  and  1000 
kHz.  The  major  face  of  the  bar  was  electroded  by  Au-evaporation  and  poled 
with  a  DC  field  of  15  kV/cm  at  room  temperature.  Dielectric  constant  and 
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loss  factor  were  measured  by  a  capacitance  bridge  at  a  constant  heating 
rate  of  2°/mm. 

The  samples  with  .x  =  4.0  and  7.0“^  La  (width  2  mm,  thickness  1  mm  and 
length  12  mm)  were  squeezed  at  400  kg/cm2  (equivalent  to  the  bending  load 
of  86  g)  at  310°C  and  800°C,  respectively,  and  cooled  to  room  temperature. 
Sample  faces,  perpendicular  and  parallel  to  the  stress  direction,  were  ex¬ 
amined  by  X-ray  diffraction  using  Ni-filtered  CuKa  radiation  and  compared 
with  a  diffraction  pattern  recorded  before  squeezing. 


3  STRESS-STRAIN-TEMPERATURE  RELATIONSHIPS 

Figure  I  shows  the  typical  behavior  of  the  bending  strain  with  temperature 
under  several  different  loads.  Application  of  a  load  at  high  temperature 
bent  the  sample  bar  elastically,  and  the  bending  returned  to  zero  upon 
removal  of  the  load.  The  magnitude  of  elastic  bending  agreed  with  the 
value  calculated  using  the  reported  values  of  s, ,  (Schmidt  and  Boczek, 
1978;  O'Bryan,  1973).  On  cooling  under  load,  the  magnitude  of  bending  did 


(A) 


FIGURE  1(A)  Bending  behavior  of  a  7.0/65/3.5  ceramic  aj  a  function  of  temperature  during 
cooling  under  several  fixed  loads.  A  load  of  102.6  g  caused  fracture  of  the  sample  during  cooling 
as  indicated  by  X. 
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FIGURE  1(B)  Bending  behavior  of  a  7.0/65/35  ceramic  during  healing  without  load  The 
weights  used  to  produce  deformation  during  the  preceding  cooling  cycle  are  given  beside  each 
curve 

not  change  appreciably  down  to  a  certain  temperature  T„  at  which  bending 
began  to  increase  rapidly,  and  continued  increasing  to  room  temperature. 
When  the  weight  was  removed  at  room  temperature,  there  was  a  slight  reduc¬ 
tion  in  the  amount  of  bending.  The  reduction  in  bending  agreed  with  the 
value  calculated  from  the  s,,  coefficient,  indicating  that  this  part  of  the 
strain  was  clastic.  Reheating  without  load  decreased  the  plastic  portion  of 
bending  until  it  became  zero  at  temperature  7}.  The  original  shape  was 
completely  recovered  by  heating. 

The  clastic  part  of  the  bending  increased  linearly  with  the  increase  in 
load,  but  the  plastic  contribution  tended  to  saturate.  The  amount  of  load 
also  affected  the  characteristic  temperature  T,.  The  initial  deformation 
temperature  T,  shifted  to  higher  values  under  larger  loads,  but  the  shape- 
recovery  temperature  7}  did  not  depend  noticeably  on  the  size  of  load 
applied  during  cooling.  Further  increase  in  the  Joad  caused  fracture  of  the 
sample  during  cooling,  as  indicated  in  Figure  1(A). 

4  EFFECT  OF  La  CONTENT  ON  THE  STRAIN-TEMPERATURE 
RELATION 

Figure  2  shows  the  effect  of  La  content  on  the  strain-temperature  relation 
under  various  loads.  Data  showing  maximum  bending  for  each  composition 
were  selected;  further  increases  in  load  caused  fracture  of  the  samples. 
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FIGURE  2  Effects  of  La  content  on  (he  temperature-dependence  of  bending  during  I  A)  cool¬ 
ing  under  constant  load  and  (B)  healing  without  load. 
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Figure  3  shows  the  relations  between  temperatures  T,  and  Tf  and  the  amount 
of  load,  as  well  as  the  load  which  caused  fracture. 

As  judged  from  the  amount  of  bending  and  dependence  of  7^  on  load,  the 
shape-memory  behavior  of  the  sample  with  x  =  4.0  was  different  from  that 
in  the  composition  range  6.5  <xs  8.0.  For  samples  with  6.5  <  x  <,  8.0, 
those  of  higher  La  content  showed  less  bending  at  room  temperature  as  well 
as  lower  deformation  temperatures  T%  and  restoration  temperatures  Tr 
Larger  loads  were  required  to  produce  an  equivalent  bending  in  samples 
with  high  La  content.  The  deformation  temperature  Ts  was  significantly 
lower  than  Tf.  Furthermore,  7j  increased  appreciably  with  increasing  load 
but  Tf  did  not  depend  strongly  on  load.  For  the  sample  with  x  =  4.0,  the 
characteristic  temperatures  T,  and  7)  were  the  highest  within  the  com¬ 
position  range  examined,  but  the  magnitude  of  bending  at  room  temperature 
was  about  the  same  as  the  other  samples.  Furthermore,  T,  and  7)  were  equal 
for  the  4%  sample  and  did  not  depend  on  the  load  applied. 


Stress  (MPa  ) 

0  20  40  60  80 


FIGURE  3  Relationships  between  characteristic  temperatures  T,  and  7}  and  the  amount  ot 
load. 


Another  difference  in  the  x  =  4.0  sample  was  the  behavior  of  bending 
during  temperature-cycling  under  no  load.  After  the  samples  were  cooled 
under  constant  load,  they  were  reheated  to  a  certain  temperature  below 
T}  and  then  recooled  without  load.  The  bending  increased  as  the  temperature 
was  lowered.  For  the  x  =  4.0  sample,  the  relation  between  bending  and 
temperature  was  the  same  as  that  observed  originally  when  cooled  under 
stress,  when  the  sample  was  reheated  up  to  10°C  below  7}.  Reheating  above 
7}  and  cooling  without  load  caused  no  bending.  In  samples  with  6.S  <  x  i  8.0. 
the  amount  of  bending  observed  during  recooling  was  smaller  than  that  of 
the  initial  cooling  under  load,  and  room-temperature  bending  was  dependent 
on  the  temperature  at  which  recooling  was  begun.  For  example  in  the  case  of 
the  x  =  7.0  sample  deformed  at  85.4  g  (TI  =  96°C),  recooling  from  56°C 
reduced  the  room-temperature  bending  to  70  %  of  the  original  value,  and  from 
74°C  the  amount  was  400%. 

5  RELATION  BETWEEN  DIELECTRIC  AND  MECHANICAL 
•  PROPERTIES 

The  dielectric  constant  of  poled  samples  with  6.5  £  x  <,  8.0  showed  relaxor 
behavior  in  which  the  temperature  of  the  dielectric  maximum  Tt  depended  on 
the  measuring  frequency.  Furthermore  there  was  a  pre-maximum  peak 


x 

FIGURE  4  Curie  temperature  T„  pre-maximum  temperature  Tr,  deformation  temperature 
T.  and  restoration  temperature  T,  as  a  function  of  La  content  x. 
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associated  with  the  disapperance  of  ferroelectric  domains.  The  temperature 
of  the  pre-maximum  peak  Tr  did  not  depend  strongly  on  measuring  fre¬ 
quency.  In  the  case  of  x  =  4.0,  there  was  no  pre-maximum  peak  and  Tcdid  not 
depend  on  measuring  frequency. 

Figure  4  shows  the  relationship  between  La  content  and  the  characteristic 
temperatures  Tr,  Tp<  Tt  and  Tf.  The  values  of  Ts  and  Tf  were  collected  from 
the  data  shown  in  Fig.  2,  and  the  Tc  values  correspond  to  those  measured  at 
I  kHz.  The  T,  and  7}  temperatures  of  the  sample  with  x  =  4.0  coincide  with 
Tt ,  but  those  of  the  sample  with  6.5  S  x  5  8.0  lay  between  Tr  and  T„.  The 
dependence  of  T,  and  Tf  on  La  content  more  closely  resembles  that  of 
rather  than  Tc. 


4/65/35 


FIGURE  5  X-ray  dittraclion  protilejof  .tnnculcil  1  —  -  land  compressed  PLZT ( - 

face  perpendicular,  and - face  parallel  to  sir  ess  direction)  for  (A)  *  «  4.0. 
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6  X-RAY  MEASUREMENT 

Seven  strong  diffraction  lines  (110,  III,  200.  210,  21 1.  220  and  310)  of  an¬ 
nealed  and  compressed  samples  were  examined.  Figure  5  shows  a  few  peak 
profiles  and  Table  1  lists  the  diffraction  angles.  The  unit  cell  of  the  annealed 
samples  was  either  rhombohedral  {.x  =  4.0)  with  a  =  4.094  A  and  x  = 
89.76’,  or  cubic  (,x  =  7.0)  with  a  =  4,086  A.  in  good  agreement  with  the 
reported  structures  and  cell  size  (Keve  and  Bye,  1975:  O'Bryan  and  Mcitzler. 
1972). 

Peaks  from  the  compressed  samples  shifted  to  higher  values  for  faces 
cut  perpendicular  to  the  stress  direction,  and  to  lower  angles  for  faces  parallel 
to  the  stress.  As  expected  for  compression,  the  d-spacings  of  the  faces  orien¬ 
ted  perpendicular  to  the  stress  direction  were  smaller  than  those  of  the  faces 


T  KIMURA.  R.  E.  NEWNHAM  AND  L.  E.  CROSS 


cut  parallel  to  the  stress.  Peaks  from  the  faces  perpendicular  to  the  stress 
were  similar  to  those  of  the  annealed  sample. 

Quantitative  determination  of  phases  present  in  the  compressed  samples 
was  difficult  because  good  high-angle  diffraction  data  were  not  available. 
Because  the  largest  differences  in  d-spacings  between  mutually  perpendicular 
faces  were  between  (220)  and  (200)  for  the  x  =  4.0  sample  and  between  (200) 
and  (1 1 1)  for  the  x  =  7.0  specimen,  the  structures  were  judged  to  be  rhombo- 
hedral  (x  =  7.0). 


7  DISCUSSION 

For  compositions  with  x  £  4.0,  the  samples  behave  like  normal  ferro- 
electrics,  but  for  those  in  the  range  8  £  x  >  6.5,  domains  are  not  observed 
on  cooling  through  Tc ,  nor  do  they  disappear  at  Tc  on  heating.  Ordered 
domains  in  a  poled  ceramic  disappear  at  Tf  in  this  composition  range.  The 
close  relationship  between  the  shape-memory  temperatures  Ts  and  7}, 
and  Tt  and  Tp  suggests  that  the  domain  process  plays  an  important  role  in 
the  shape-memory  effect.  Mechanical  stress  orders  the  domains  at  Tc(x  = 
4.0)  or  at  Tp(6.5  <,  x  <,  8.0)  during  cooling,  which  results  in  a  large  pseudo¬ 
plastic  strain  at  room  temperature.  Heating  eliminates  the  domains  and 
restores  the  original  shape. 

X-ray  diffraction  measurements  on  the  compressed  samples  (Figure  5 
and  Table  I)  gave  the  largest  d-spacings  from  sample  faces  oriented  parallel 


TABLE  I 

Diffraction  angles  of  annealed  and  compressed  PLZT  x  65/35  with  . 
x  =  4.0  and  7.0 


Angle  of  peak  maximum.  20  (°) 

x  = 

4.0 

X  * 

7.0 

Annealed 

Compressed 

Annealed 

Compressed 

hkl 

1 

!| 

l 

II 

110 

3001 

30.02 

30  89 

3094 

30.96 

30.90 

III 

38.13 

38.14 

38.10 

38.15 

38.16 

38.11 

200 

44.26 

44  :x 

44.24 

44.28 

44.33 

44.22 

210 

40  79 

40  80 

40.72 

49.84 

49.86 

49.78 

211 

5500 

5501 

54.90 

55.01 

55.05 

5493 

220 

64.46 

64  48 

64.30 

64  47 

64.51 

64.39 

310 

73.14 

73.18 

73.07 

7J  16 

73.24 

73.07 

X  Faces  perpendicular  to  stress. 
I  Faces  parallel  to  stress. 
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i,i  ihe  stress  direction.  This  means  that  the  polar  directions  are  preferentially 
aligned  perpendicular  to  the  congressional  stress. 

For  samples  with  La  content  6.5  <  x  <  8.0,  the  deformation  temperature 
T,  depends  on  load,  but  the  restoration  temperature  Tf  does  not  (Figure  3). 
Electrically,  the  discontinuity  temperature  in  polarization  shifts  to  higher 
values  when  the  dc  bias  field  increases  (Kevc  and  Annis,  1973).  This  abrupt 
change  in  polarization  with  temperature  is  associated  with  the  domain 
phenomena  occurring  at  Tp.  This  effect  is  analogous  to  the  shift  in  T,  and  T, 
under  mechanical  stress.  Since  no  mechanical  stress  was  applied  during 
heating,  however,  the  restoration  temperature  7}  was  not  influenced  by  the 
stress  applied  during  cooling.  Apparently,  mechanical  stress  has  similar 
effects  to  an  electric  field  in  aligning  domains.  The  anisotropic  thermal 
expansion  coefficients  (O’Bryan  and  Meitzler,  1972)  observed  in  hot-pressed 
PLZT  (x  =  8.0)  further  supports  this  view.  Radial  stresses  developed  during 
cooling  in  the  hot-pressing  procedure  cause  domain  alignment  below  the 
Curie  temperature.  Thermal  expansion  coefficients  parallel  to  the  direction 
of  the  comprcssional  stress  arc  higher  than  in  annealed  material,  while 
negative  coefficients  arc  observed  in  the  direction  of  tensile  stresses. 

These  facts  show  that  the  polar  direction  can  be  easily  aligned  by  stress 
when  the  sample  is  cooled  through  the  temperature  at  which  the  domains 
form  Tensile  stress  aligns  the  polar  direction  parallel  to  the  stress  direction, 
and  compressive  stress  favors  domains  in  the  perpendicular  direction. 

The  relationship  between  bending  and  temperature  shown  in  Figures  1  and 
2  differs  from  the  results  reported  by  Schmidt  and  Boczek  (1978),  especially 
with  regard  to  the  shape  of  the  cooling  curve  and  the  magnitude  of  bending. 
They  observed  a  large  bending  at  high  temperature,  and  an  elastic  compli¬ 
ance  about  300  times  larger  than  the  value  determined  by  resonance  measure¬ 
ment.  This  discrepancy  might  be  attributed  to  the  method  of  supporting  the 
sample.  Schmidt  and  Boczek  used  a  cantilever  method,  in  which  one  end  of 
the  sample  was  fixed,  but  this  results  in  a  rather  complicated  stress  state.  In 
our  experiment,  the  samples  were  freely  held  by  two  supports.  Under  these 
circumstances,  the  stress  state  at  a  supporting  position  is  not  as  complicated. 
Since  stress  levels  strongly  affect  the  shape-memory  effect,  the  discrepancy 
in  the  results  may  be  attributable  to  the  experimental  method. 

Schmidt  and  Boczek  (1978)  postulated,  on  the  basis  of  their  data,  that 
the  relaxor  or  diffuse  phase  transformation  was  essential  to  obtain  the 
shape-memory  effect  in  fcrroclcctrics.  The  PLZT  sample  with  x  =  4.0.  how¬ 
ever.  is  not  a  relaxor.  The  fact  that  this  sample  shows  a  shape-memory 
effect  indicates  that  the  relaxor  behaviour  is  not  an  essential  property.  To 
confirm  this  idea,  BaTiOj  ceramic  bar  with  the  same  shape  and  size  as  the 
PLZT  samples  was  examined.  Figure  6  shows  the  bending-temperature  rela¬ 
tion.  Upon  cooling  from  180°C  under  constant  stress,  bending  increased 
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HGURE  6  Temperature-dependence  of  bending  of  BaTiOj. 


abruptly  between  125°  and  I22°C  and  more  slowly  below  I22°C.  When  the 
sample  was  reheated  after  removing  the  load  at  room  temperature,  bending 
decreased  gradually  up  to  I21°C  and  then  fell  sharply  to  zero  between  121° 
and  123  'C.  This  abrupt  change  in  shape  near  the  Curie  temperature  ( 1 26°C) 
coincides  with  the  discontinuity  in  the  lattice  parameters,  and  indicates  that 
domain  formation  and  disappearance  are  likely  causes  of  the  shape-memory 
effect  in  ferroclectrics. 

The  maximum  room-temperature  strain  obtained  in  these  experiments 
was  2.1  x  10  3  in  the  sample  with  x  =  6.5.  The  stress  field  is  complicated  in 
the  bending  test  and  it  is  difficult  to  understand  which  of  the  stresses,  ten¬ 
sion  or  compression,  govern  the  strain.  However,  the  observed  strain  can 
be  compared  with  electrically-induced  strain.  In  the  sample  with  x  -  7.0. 
the  strains  parallel  and  perpendicular  to  the  electric  field  at  room  temper¬ 
ature  are  2.1  x  I0"3  and  0.5  x  10  \  respectively  (Smith,  1973).  In  our 
experiment  the  plastic  part  of  the  strain  at  room  temperature  in  such  a  sample 
was  1.8  x  10  (Figure  I),  which  is  comparable  to  the  strain  parallel  to  the 
electric  field.  Table  II  lists  the  values  calculated  from  the  data  in  Table  I. 
The  strains  were  calculated  by  comparing  the  (/-spacings  between  compressed 
and  annealed  samples.  In  both  samples,  the  strains  observed  in  the  faces 
parallel  to  the  stress  direction  were  larger  than  those  in  perpendicular 
faces.  In  the  compressed  samples,  the  polar  axes  are  nearly  perpendicular 
to  the  stress  direction  as  discussed  previously.  The  large  strains  observed 
parallel  to  the  stress  direction  coincide  with  the  large  strains  measured 
parallel  to  the  electric  field. 

Large  strains  under  tensile  stress  have  been  observed  in  samples  with 
x  =  1.3  and  6.0  (Meitzler  and  O'Bryan,  1971).  At  room  temperature,  the 
maximum  strain  in  the  x  =  6.0  sample  was  2.5  x  10' 3.  which  is  almost  the 
same  strain  observed  in  the  present  experiments.  A  structural  phase  change 
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TABLE  II 

Differences  of  J-spucing  between  annealed 
and  compressed  samples 


hkl 

d  compressed  —  d  annealed 

*  I0J 

d  annealed 

x  = 

1 

4.0 

II 

X  ■ 

1 

8.0 

110 

-0.3 

0.7 

-07 

1.4 

III 

-0.2 

0.8 

-03 

1.0 

200 

-0.4 

0.4 

-l.l 

1.3 

210 

-0.2 

1.3 

-0.4 

l.l 

211 

-0.2 

1.7 

-0.7 

1.3 

220 

-0.3 

2.2 

-0.6 

l.l 

310 

-0.5 

0.9 

-0.9 

l.l 

accompanied  by  a  high  degree  of  preferred  orientalion  parallel  to  the  direc¬ 
tion  of  the  applied  tensile  force  is  the  cause  of  the  large  strains. 

Figure  7  shows  the  temperature-dependence  of  the  plastic  part  of  the  strain 
plotted  with  reduced  temperature  T/Ts  and  T,  Tf.  In  the  case  of  cooling 
under  stress,  the  relationship  between  strain  and  the  reduced  temperature 
can  be  expressed  by  a  single  curve,  except  for  the  x  —  4.0  sample.  For  the 
heating  cycle,  the  relations  for  x  =  6.5  and  7.0  coincide  but  others  do  not; 
all  lie  under  the  curve  for  x  =  6.5  and  7.0.  The  behavior  of  the  x  =  4.0ceramic 
might  be  attributed  to  differences  in  crystal  structure.  The  structures  of 
the  compressed  samples  were  rhombohcdral  (x  =  4.0)  and  tetragonal  or  of 
mixed  phases  (x  =  7.0).  The  single  curve  relating  strain  and  the  reduced 
temperature  shown  in  Figure  7(A)  would  imply  that  the  crystal  structures 
of  6.5  <  x  <  8.0  arc  the  same.  In  perovskiles,  the  strain  associated  with  a 
tetragonal  distortion  is  generally  larger  than  that  of  a  rhombohedral  dis¬ 
tortion.  Inversion  of  the  magnitude  of  strain  between  x  =  4.0  and  6.5  might 
result  from  such  a  difference  in  crystal  structure. 

Disagreement  of  the  relation  between  strain  and  reduced  temperature  in 
the  heating  cycle  for  samples  with  6.5  <  x  <  8.0  might  be  attributed  to  the 
temperature  at  which  the  load  was  removed.  To  confirm,this  conjecture,  two 
additional  experiments  were  undertaken.  In  the  first  experiment,  the  weight 
was  removed  at  various  temperatures  during  the  cooling.  Figure  8  shows  the 
result  for  x  =  7.0.  When  unloaded  at  high  temperatures  (but  below  7j),  the 
reduction  in  bending  was  larger  than  that  observed  at  room  temperature. 

in  the  second  experiment,  the  sample  was  loaded  at  room  temperature 
and  then  heated.  Room-temperature  bending  was  almost  the  same  as  that 
observed  when  the  cooled  sample  was  unloaded  at  room  temperature  (Figure 
I).  Bending  increased  during  heating  up  to  a  certain  temperature,  and  then 
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(A) 


(S) 


FIGURE  7  Relations  between  bending  and  reduced  temperatures  (A)  T/T,  during  cooling 
under  constant  load  and  (B)  T/Tr  during  heating  without  load. 
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FIGURE  X  Reduction  of  bending  by  rcmov.il  of  the  load  at  dilTercnt  tcmpcralurec  in  the 
sample  7.0  65  35 


decreased  at  higher  temperatures,  as  shown  in  Figure  9.  This  result  indicates 
that  below  Tp  the  stresses  caused  a  phase  transformation  to  a  distorted 
structure  with  an  aligned  polar  direction.  The  magnitude  of  the  bending 
up  to  the  temperature  at  which  bending  became  a  maximum  is  indicative 
of  the  ease  of  domain  wall  motion,  i.e.,  the  mechanical  cocrcivity  decreases 
with  increasing  temperature.  Decrease  in  the  bending  at  still  higher  tem¬ 
perature  results  from  a  reduction  of  the  spontaneous  strain. 

Based  on  these  two  additional  experiments,  the  following  explanation 
appears  feasible.  The  presence  of  mechanical  stress  forces  domain  alignment, 
so  that  a  single  curve  expresses  the  relationship  between  strain  and  reduced 
temperature  in  the  cooling  cycle,  as  shown  in  Figure  7(A).  Removal  of  the 
stress  at  room  temperature  releases  the  external  constraint,  and  the  internal 
stresses  developed  during  cooling  under  stress  tend  to  stabilize  the  structure. 
Since  the  difference  between  Tp  and  room  temperature  are  large  for  x  =  6.5 
and  7.0,  the  domain  walls  cannot  move,  and  the  only  reduction  in  bending 
during  unloading  is  clastic  in  nature.  For  x  =  7.5  and  8.0,  on  the  other 
hand,  Tr  is  low  and  some  of  the  domains  reorient  to  a  more  stable  configura¬ 
tion  during  stress  removal  at  room  temperature.  In  other  words,  the  me¬ 
chanical  relaxation  time  at  room  temperature  decreases  with  increasing 
La  content  (Esaklul,  Gerbcrich  and  Koepkc,  1980).  The  reduction  of  bending 
accompanying  unloading  at  room  temperature  has  both  elastic  and  domain 
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Temperature  (*C) 

FIGURE  9  Temperature-dependence  of  bending  during  healing  under  constant  load  of 
70.1  g. 

contributions  for  x  =  7.5  and  8.0,  resulting  in  the  different  curves  in  Figure 
7(B). 

The  anomalous  behavior  caused  by  temperature  cycling  without  load 
can  also  be  explained  by  this  idea.  For  x  =  7.0,  heating  to  high  temperatures 
just  below  Tf  causes  domain  re-orientation,  resulting  in  smaller  strains 
when  recooled  to  room  temperature.  But  several  cycles  between  room 
temperature  and  10CC  below  7}  did  not  lead  to  appreciable  domain  re¬ 
orientation. 


8  CONCLUSION 

The  strains  associated  with  the  shape-memory  cfTcct  in  ferroelectric  ceramics 
can  be  explained  as  follows.  Above  Tr  the  crystallites  are  cubic,  and  domains 
form  when  the  sample  is  cooled  through  the  transition  temperature  under 
stress.  Mechanical  stress  causes  partial  alignment  of  the  polarization  direc¬ 
tions  (but  not  the  absolute  sense).  The  degree  of  alignment  is  determined 
by  the  magnitude  of  the  stress,  as  in  the  case  of  electrical  poling.  In  the 
perovskite  structures,  the  polar  axis  is  longer  than  the  other  axes.  Polar 
axes  tend  to  align  parallel  to  a  tensile  stress.  Domains  with  polarization 
vectors  perpendicular  to  the  stress  direction  are  favored  for  compressional 
stresses.  The  alignment  in  a  ceramic  is  not  complete,  however,  because  of 
random  grain  orientation  and  becauses  of  internal  stresses  between  neigh¬ 
boring  grains.  After  the  domain  pattern  is  formed,  further  cooling  has  little 
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effect  on  the  domain  walls.  But  cooling  increases  the  spontaneous  strain  of  the 
distorted  unit  cell,  and  therefore  the  total  strain  increases  as  the  temperature 
is  decreased. 

When  the  lattice  parameters  change  discontinously  at  the  ferroelectric 
transition  temperature,  an  abrupt  change  in  shape  takes  place,  as  in  the 
case  of  BaTiOj .  When  the  lattice  parameters  change  continuously,  a  gradual 
shape-change  temperature-change  is  observed,  as  in  the  case  of  PLZT. 

When  stress  is  removed  at  room  temperature,  the  total  strain  is  reduced 
by  an  amount  equivalent  to  the  elastic  contribution.  If  domain  walls  can 
move  at  room  tempera!  ure,  further  reduction  in  total  strain  occurs  by  domain 
re-orientation  as  in  the  case  of  PLZT  samples  with  7.5  <,  x  <,  8.0. 

Upon  heating  without  load,  the  decrease  in  spontaneous  strain  causes  a 
gradual  reduction  in  total  strain.  Domain  re-orientation  near  the  transition 
temperature  contributes  a  further  decrease  in  strain.  Finally  the  spontaneous 
strain  disappears  at  Tf,  and  the  total  strain  goes  to  zero.  In  other  words  the 
shape-memory  effect  in  ferroelectrics  is  caused  by  domain  alignment  to¬ 
gether  with  the  temperature-dependence  of  spontaneous  strain. 
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Abstract—  In  studies  directed  towards  improving  the  basic  understanding  of  the 
influence  of  grain  boundaries  upon  the  properties  of  electroceramic  materials, 
studies  are  being  made  of  artificial  planar  boundaries  created  in  single  domain 
ferroelectric  lithium  niobate  crystals  by  thermally  bonding  carefully  polished 
(001)  surfaces.  Bonding  of  "clean"  surfaces  is  accomplished  under  a  uniaxial  com¬ 
pressive  stress  of  10®  N/M^  at  between  1050  and  1100°C  in  a  time  of  order  16  to 
24  hours.  Optical  and  SEM  characterization  of  the  boundary  plane  is  given.  New 
domain  features  of  bicrystal  are  discussed.  In  encounter  bicrystal,  domain 
shifting  through  the  boundary  and  domain  splitting  are  observed.  Dielectric  data 
for  bicrystal  are  presented. 

N7R0DUCTI0N 

In  this  study,  the  influence  of  planar  diffusion  bonded  boundaries  upon  the 
-cperties  of  lithium  niobate  bicrystals  are  explored.  A  major  advantage  of  the 
•obate  over  other  ferroelectric  mixed  oxides  is  that  good  thermal  compression  bond- 
"s  can  be  achieved  at  temperatures  below  the  Curie  point  (Tc),  the  original  single 
:rain  configuration  preserved  and  the  influence  of  head  to  head  (H-H),  tail  to  tail 
*-T)  and  head  to  tail  (H-T)  configurations  of  the  polar  axis  examined. 

The  eventual  objective  of  the  study  is  to  derive  from  the  detailed  measurements 
precisely  oriented  planar  boundaries  some  of  the  characteristics  of  grain  boun¬ 
ces  in  polycrystal  ceramic  ferroel ectrics . 

r.£JARATI0N  OF  LiNb03  CRYSTAL 

Single  domain  lithium  niobate  crystal  are  cut  along  (001)  surface  and  then  care- 
-lly  around  and  oolished.  The  average  roughness  of  the  surface  is  about  l-lO'^M. 

"e  flatness  is  about  2-10'^M/CM  measured  by  stylus  gauge.  The  single  crystal  wafers 
■'th  eaual  or  unequal  thickness  are  stacked  with  different  polarity  and  different 
-tual  twist  angle  about  the  rhombohedral  c-axis  and  then  wrapped  with  platinum  foil, 
ordinq  of  bicrystal  is  accomplished  under  a  uniaxial  compressive  stress  of  106n/m2 
*.  between  1050°C  and  1100°C  in  a  time  of  order  16  to  24  hours.  Higher  pressures 
ajse  cracking  of  the  crystal  during  bonding.  Several  kinds  of  LiNbOg  bicrystal  are 
ctained.  They  can  be  divided  into  two  main  qroups,  the  linked  type  with  head  to 
a ■  1  connection  and  the  encounter  type  with  head  to  head  or  tail  to  tail  connection 


I'.DING  CONDITION  OF  LiNb03  BICRYSTAL 

Good  bonding  is  obtained  by  the  hot  pressing  technique  as  described  above.  The 
'fystal  is  transparent  and  strong.  The  fracture  surface  of  bicrystal  reveals  that 
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cracking  always  passes  straight  across  the  boundary,  without  obvious  interruption. 

However,  the  bonded  surface  viewed  through  the  bicrystal  surface  appears  rough 
and  'ceramic-like"  after  hot  pressing  as  shown  in  Fig.  1.  Small  voids  still  remain 
in  the  boundary  as  shown  in  Fig.  2.  Residual  stress  also  quite  likely  exists  in  the 
boundary,  which  mainly  comes  from  nonuniform  strain  during  hot  pressing. 

The  SEN  picture  of  an  etched  boundary  reveals  that  a  lot  of  etch  pyramids  exist 
on  both  sides  of  the  boundary  with  their  apices  connected  as  shown  in  Fig.  3. 

■"he  connection  of  the  apices  suggests  that  the  bonding  starts  from  many  separate 
bonding  centers  and  then  spreads  outwards  to  form  the  complete  boundary. 

DOMAIN  CONFIGURATION 

The  domain  structure  after  bonding  is  explored  by  etching  with  a  mixture  of 
HF : HNOj  =1:2  for  30  minutes  at  its  boilina  temperature,  110°C  .  For  the  linked 
type  bicrystals,  the  oriqinal  sinqle  domain  states  are  completely  preserved. 

In  encounter  type  bicrystals,  though  the  major  parts  preserve  the  original 
confi auration ,  thin  lamellar  domains  parallel  to  the  bonded  surface  often  appear. 


FIGURE  1.  Boundary  Surface  of  Bicrystal 
(X100). 


"SURE  3.  Etching  Pyramids  Along  Bi- 
c-'ystal  Boundary. 


FIGURE  2.  Voids  Along  Bicrystal  Boune; 

(X1000). 

It  appears  from  the  residual  orthogonal 
mains  which  sometimesappear  that  the  ere: 
tering  domain  moves  through  the  bonding 
surface  but  leaves  soma  small  residual  rat 
like  regions  of  the  original  polarity  i>- 
passage  (Fig.  4).  The  reason  for  the  do  : 
shifting  and  splitting  is  probably  assoc-: 
with  internal  fields  established  under 
external  short  circuit  during  parts  of 
heating  and  cooling  cycle  during  bonci ’’ e . 

ELECTRICAL  AND  ELECTROMECHANICAL  MEAS.-i 

The  dielectric  permittivity  of  be:-' 
single  and  bicrystal  of  the  dimensics  : 
is  completely  featureless  over  the  ’-3 
to  1  MHz  and  no  significant  di f*e'-e'- = 
evident. Loss  spectra  in  the  bicrysta' 
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..:l  A.  Encountering  Domain  Moves  FIGURE  5.  Dissipation  Factor  of  (a)  Single 

'  "i-.gh  the  Bonding  Surface.  Crystal  and  (b)  Bicrystal  (1  KHz). 


;::ear  more  dominated  by  conductivity,  with  strong  rise  at  lower  frequency  and  higher 
:a  ~:erature;  however,  the  activation  energy  for  conduction  calculated  from  log  R  vs  1/T 
ria.  6)  is  0.53  eV— the  same  value  as  in  the  single  crystal  -  suggesting  that  the  lat¬ 
ere  discontinuity  at  the  boundary  is  a  prolific  source  of  additional  charge  carriers. 

.  The  permittivity  and  dissipation  factor  spectra  of  bicrystal  in  the  range  of  103- 
I-  hz  are  dominated  by  piezoelectric  thickness  resonances.  A  series  of  dissipation 
:eaks  from  fundamental  and  overtone  resonance  appear  in  the  loss  spectrum.  No  apparent 
-elaxations  due  to  the  lattice  discontinuity  of  bicrystal  boundary  can  be  found. 

>.ly  in  the  case  of  one  H-H '  twisted  en- 
lo^nter  bonded  crystal  was  a  dissipation 
:eak  observed  near  room  temperature  at  1 
(Fig.  7). 

The  piezoelectric  coefficient  d33  of 
bi crystal  is  measured  by  Berlin- 
;ojrt  d33  meter.  The  d33  of  linked  bicrys- 
:al  is  the  same  as  single  crystal.  The  d33 
:*  encounter  bicrystal  with  equal  wafer 
thickness  is  negligible  as  expected  due  to 
the  compensation  of  antipolarized  crystal 
•■•afers.  The  d33  of  encounter  bicrystal  with 
unequal  wafer  thickness  is  lower  than 
single  crystal.  Its  value  depends  on  the 
ratio  of  wafer  thickness.  Furthermore,  the 
:33  always  exhibits  unsymmetrical  behavior 
■■hen  measured  on  opposite  directions.  This 
■'s  because  of  the  incomplete  compensation 
snd  the  splitting  of  the  domain  configura¬ 
tion. 


<1/1)10 


FIGURE  6.  (Log  R  -  1/T)  of  Bicrystal. 
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SUMMARY 


Clean  and  strong  LiNb03  bicrystal  can  be 
obtained  by  hot  pressing  technique.  The  orir 
nal  domain  configuration  of  bicrystal  can  De 
largely  preserved  through  the  bonding  proces: 
In  encounter  type  bicrystal  the  domain  alwa..: 
shifts  across  the  bicrystal  boundary.  Bi¬ 
crystal  boundary  is  a  source  of  charge  carri: 
which  causes  the  high  dielectric  loss  at  hie 
temperature  and  low  frequency.  No  important 
dielectric  relaxation  has  been  found  in  the 
frequency  and  temperature  region  investigate: 
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FIGURE  7.  Dissipation  Peak  in  Encounter 
Bicrystal . 
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Primary  and  Secondary  Pyroelectricity 
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The  pyroelectric  coefficient  (p)  of  a  material  under  constant  stress  and 
electric  field  is  defined  by  the  expression 


P 


E,cr 


(1) 


where  Pg  is  the  spontaneous  polarization,  T  the  temperature,  E  the  electric 
field,  and  a  the  elastic  stress  /l,  2/.  Thermodynamic  analysis  of  the  pyro¬ 
electric  effect  yields  the  expression 


or 

Pi 


e 


+  d 


T  cT,E 
ijk  jklm 


(2) 


where  p4  is  the  total  pyroelectric  effect  measured  at  constant  stress,  and 
pf,  the  pyroelectric  eflect  at  constant  strain  e  ,  is  called  the  primary  effect. 
The  second  term  of  (2)  is  the  contribution  caused  by  thermal  deformation  of 
the  crystal  and  is  known  as  the  secondary  pyroelectric  effect,  d,  c,  and  a. 
are  the  piezoelectric,  elastic  stiffness,  and  the  thermal  expansion  coeffi¬ 
cients  of  the  crystal,  respectively.  (A  third  contribution  to  the  pyroelectric 
effect,  known  as  the  tertiary  pyroelectric  effect  /3/,  arises  from  inhomo¬ 
geneous  temperature  distributions  within  the  sample.  Since  the  origin  of  the 
tertiary  effect  depends  on  experimental  conditions,  it  is  not  included  in  the 
present  study. ) 

In  ferroelectric  pyroelectrics  the  primary  effect  is  large  and  negative 
because  the  spontaneous  polarization  diminishes  with  increasing  temperature. 
The  secondary  effect  is  considerably  smaller  and  may  have  either  sign  de¬ 
pending  on  the  values  of  the  constants.  Thus  the  experimentally  observed 
pyroelectric  coefficients  are  dominated  by  the  primary  effect  and  are  negative 
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Table  1 

Primary,  secondary,  and  the  observed  pyroelectric  effect  in  various  pyroelectric  materials. 
Room-temperature  values 


materials 

point 

observed 

calculated 

primary 

references 

group 

total  effect 
(pC/m2  K) 

secondary 

effect 

symmetry 

effect  „ 
(pC/n/  K) 

(pC/m2  K) 

A)  ferroelectrics 

a)  ceramics 

Pb(Zr0.52Ti0.48)O3:lwt%Nb2°5 

oomm 

-  50 

+60 

-110.0 

/«/ 

BaTiOj 

«mm 

-190.0 

+80.0 

-270.0 

/5/ 

Pb^Zr0. 95Ti0. 05^°3:1  wt<^  Nb2°5 

oomm 

-268.0 

+37.7 

-306  .7 

/V 

b)  single  crystal 

Sr0.5Ba0.5Nb2°6 

TGS 

4mm 

2 

-550 

-270 

-21.0 

+60.0 

-529.0 

-330.0 

/•/ 

/ll,  12/** 

LiTa03 

3m 

-176 

+  2.00 

-178 

/4,  12/ 

LiNbOj 

3m 

-  83.0 

+12.9 

-  95.9 

/4,  14,  13/ 

I>b5Ge30ll 

3 

-  95.0 

+15.5 

-110.5 

/  4,  15,  16/ 

Ba2NaNb5015^ 

2mm 

-100.0 

+41.8 

-141.8 

/17,  18,  19/ 

NaNOz 

2mm 

-140.0 

-  5.0 

-135.0 

/20,  4,  21/ 

2 

*)  Average  value  of  the  wide  range  of  reported  values  between  200  to  350  pC/m  K. 
*  *)  Maximum  value  of  p  measured  on  the  sample. 


Table  1  -  Continued 


materials 

point 

group 

symmetry 

observed 
total  effect 
(HC/m2  K) 

calculated 
secondary 
effect 
(  nC/m2  K) 

references 

B)  non-ferroelectric 

Li2S°4H20 

2 

+86.3 

+  26.1 

+60.2 

/8/ 

tourmaline 

3m 

+  4.0 

+  3.2 

+  0.8 

i\i 

bone 

OO 

+25xl0*4 

+117xl0*4 

-92. 0x1 0-4 

122/ 

Ba2Si2Tl08 

4mm 

+10 

+22,  +16 

-12.0,  -6.0 

/23/ 

Li2Ge°3 

2mm 

-27 

-  12.8 

-14.2 

/24/ 

Ba(N02)2-H20 

-25.3 

-  3.3 

-22.0 

725/ 

C)  semiconductors 

CdS 

-4.0 

-1.0 

-3.0 

726/ 

CdSe 

-3.5 

-0.56 

-2.94 

725/ 

ZnO 

-9.4 

-2.5 

-6.9 

727,  287 

ZnS***> 

0.43 

+0.34 

74,  29/ 

BeO 

-3.40 

-0. 008 

-3.39 

74,  29/ 

**»)  No  reported  sign  for  no  information  about  polytypic  nature  of  the  sample. 
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in  ferroelectric  crystals.  In  non-ferroelectric  pyroelectric  crystals  there  is 
no  simple  way  to  predict  the  sign  and  the  magnitude  of  these  coefficients.  In 
practice  the  total  pyroelectric  effect  can  be  measured  and  the  secondary  ef¬ 
fect  calculated  from  the  constants  d,oc  ,  and  c.  But  in  only  a  few  materials  /4/ 
have  the  primary  and  secondary  pyroelectric  components  been  evaluated: 

BaTiOj  /5/,  PZT  /6,  7/,  LijSO^  f^O  /8/,  and  SrQ  5BaQ  gNbjOg /9/. 

For  a  number  of  applications,  such  as  infrared  detectors  and  vidicons, 
it  is  desirable  to  know  the  magnitude  and  sign  of  the  contributions  to  the  total 
pyroelectric  effect.  During  our  studies  of  diphasic  pyroelectric  composites 
/10/,  we  surveyed  various  families  of  pyroelectric  materials  and  separated 
the  primary  and  the  secondary  effects.  The  results  are  listed  in  Table  1. 

The  secondary  contributions  for  various  crystal  symmetry  groups  were  cal¬ 
culated  from  the  following  equations: 

Psec  =  d21(cll  “1  +  c12  “2  +  c13  “3  +  C15  “5}  + 

+d22(c12“l  +  c22  “2  +  c23  “3  +  C25  a5)  + 

+d23(c13al  +  C23“2  +  c33“3  +  C35a,5)  + 

+d25(c15“l  +  C25“2  +  C35“3  +  C55“5)  ' 

psec  =  d31(cll“l  +  C12*2  +  C13<x3)  + 

4d32(c12al+c22“2+c23«3)  + 

^33^13*1  +  c23a2  +  c33<x3^  » 

Psec  =  2d31(cH0‘l+C12«l+c13°'3)  +  point  groups 

3.3m,  4.4mm,  6.6mm, 

+d33(2c13al  +  C33  0t3)  *  c  polar  axis. 

Point  group  .os mm  of  the  poled  ceramic  samples  leads  to  equations  equivalent 
in  form  to  the  hexagonal  crystal  system.  The  maxis  is  parallel  to  the  poling 
direction  and  is  denoted  as  x^. 


point  group  mm2, 
c  polar  axis; 


point  group  2, 
b  polar  axis; 
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The  values  of  the  constants  are  taken  from  the  recent  literature  or  from 
the  Landolt-Bornstein  Tables,  as  noted  in  Table  1.  It  is  evident  from  the 
data  that  in  ferroelectric  ceramics  and  single  crystals,  both  the  primary 
and  total  pyroelectric  effects  are  large  and  negative.  Secondary  coefficients 
in  ferroelectric  single  crystals  are  comparatively  small  and  positive  with 
the  exception  of  SBN  and  NaNC^  where  the  secondary  pyroelectric  effect  is 
small  and  negative,  enhancing  the  primary  pyroelectric  effect.  In  TGS, 
Ba^NaNbjO,.,  and  the  ceramics  PZT  and  BaTiOg,  the  secondary  effect  is 
more  substantial. 

Compared  to  ferroelectrics,  tourmaline  and  other  non-ferroelectric  polar 
materials  show  rather  small  pyroelectric  effects.  In  these  materials,  the 
total  and  the  secondary  coefficients  carry  the  same  sign,  and  in  most  cases 
they  are  positive.  The  secondary  effect  arising  from  piezoelectricity  and 
thermal  expansion  makes  a  large  contribution  to  the  total  pyroelectric  effect. 

In  tourmaline  for  instance,  80%  of  the  pyroelectric  signal  is  of  secondary 
origin.  Fresnoite,  Ba2TiSi20g,  is  another  mineral  in  which  pyroelectricity 
is  dominated  by  the  secondary  effect.  In  semiconductor  pyroelectrics  with 
the  wurtzite  structure,  the  effect  is  very  small,  with  all  coefficients  having 
the  same  sign. 

It  is  clear  from  the  table  that  both  the  primary  and  secondary  effects  are 
important,  and  that  certain  trends  emerge  regarding  the  magnitude  and  sign 
of  the  coefficients.  All  pyroelectric  materials  do  not  follow  the  same  pattern, 
but  members  of  the  same  family  share  common  features:  In  ferroelectrics 
all  the  observed  coefficients  are  negative  and  dominated  by  the  primary  effect, 
in  contrast  to  non-ferroelectric  pyroelectrics  where  secondary  effects  are 
more  substantial. 

This  work  was  sponsored  by  the  Office  of  Naval  Research  through  con¬ 
tract  N00014-78-C-0291  and  Advanced  Research  Project  Agency  through 
contract  MDA  903-78-C-0306. 

References 

/!/  J.  F.  NYE,  Physical  Properties  of  Crystals,  Oxford  University  Press, 

London  1957  (p.  189). 

/2/  R.  E.  NEWNHAM,  Structure  -  Property  Relations,  Springer-Verlag, 

New  York  1975. 

/3/  L.B.  SCHEIN,  P.  J.  CRESSMAN,  and  L.  E.  CROSS,  Ferroelectrics  22,  945(1979). 


K24 


physica  status  solidi  (a)  58 


/4/  Landolt-BOrnstein,  New  Series,  Ferro- and  Antiferroelectric  Materials, 

Vol.  m/3,  1973,  Vol.  m/5,  1975;  Numerical  Data  and  Functional  Re¬ 
lationships  in  Science  and  Technology,  Vol.  11,  1978,  Ed.  H.  HELLWEGE. 

/5/  T. A.  PERLS,  T.J.  DIESEL,  andW.I.  BOBROV,  J.  appl.  Phys.  29,  1297(1958). 
/6/  W.R.  COOK,  Jr.,  D. A.  BERLXNCOURT,  and  F.J.  SCHOLZ,  J.  appl. 

Phys.  34,  1392  (1963). 

/V  L.  Z.  KENNEDY  and  J.  L.  WENTZ,  J.  appl.  Phys.  35,  1767  (1964). 

,  8/  S.B.  LANG,  Phys.  Rev.  B  4,  3603  (1971). 

,'9/  S.  T.  LIU  and  L.E.  CROSS,  phys.  stat.  sol.  (a)  41,  K83  (1977). 

/10/  R.E.  NEWNHAM,  D.  P.  SKINNER,  K.  A.  KLICKER,  A.S.  BHALLA, 

B.  HARDIMAN,  and  T.R.  GURURAJA,  to  be  published  in  Ferroelectrics. 
/II/  S.  HAUSStiHL  and  J.  ALBERS,  Ferroelectrics  15^  73  (1977). 

/12/  T.  IKEDA,  Y.  TANAKA,  andH.  TOYODA, Japan.  J.  appl.  Phys.  1,  13(1962). 

R.L.  BYERandC.R.  ROUNDY,  Ferroelectrics  3  ,  333  (1972). 

/13/  A.M.  GLASS  and  M.E.  LINES,  Phys.  Rev.  B  13,  180  (1976). 

/14/A.W.  WARNER,  M.  ONOE,  and  G.A.  COQUIN,  J.  Acoust.  Soc.  Amer. 

42,  1223  (1967). 

/15/  T.  YAMADA,  H.  IWASAK3,  andN.  NIZEKI,  J.  appl.  Phys.  43,  772(1972). 

/16/  G.R.  JONES,  N.  SHAW,  and  A.W.  VERE,  Electronics  Letters  8,  345(1972). 

/ 1 7/  A.W.  WARNER,  G.A.  COQUIN,  andJ.L.  FINK,  J.  appl.  Phys.  40,  4353(1969). 
/18/S.  SINGH,  S.A.  DRACCER,  and J.G.  GEUSIC,  Phys.  Rev.  B2,  2709(1970). 
/19/  R.B.  RICE  and  H.  FAY,  J.  appl.  Phys.  40,  909  (1969). 

/20/  S.  HOSHINO  and  I.  SHIBUYA,  J.  Phys.  Soc.  Japan  16,  1254(1961). 

/21/  B.G.F.  TAYLOR  and  H.A.H.  BOOT,  Contemp.  Phys.  14,  55  (1973). 
/22/S.B.  LANG,  Nature  224,  798  (1969). 

/23/  S.  HAUSStiHL,  J.  Crystal  Growth  40,  200  (1977). 

M.  KIMURA,  Japan.  J.  appl.  Phys.  48  ,  2850  (1977). 

/24/  D.S.  ROBERTSON,  I.M.  YOUNG,  F.W.  AINGER,  C. O’HARA,  and 
A.M.  GLAZER,  J.  Phys.  D  12 ,  611  (1979). 

/25/  V.V.  GLADKII  and  I.S.  ZHELUDEV,  Soviet  Phys.  -  Cryst.  12  ,  788  (1968).  • 
/26/  D.  BERLINCOURT,  H.  JAFFE,  and  L.R.  SHIOZAWA,  Phys.  Rev.  129, 

1009  (1963). 

/27/  T.B.  BATEMAN,  J.  appl.  Phys.  33,  3309  (1962). 

/28/  G.  HEILAND  and  H.  IBACH,  Solid  SUte  Commun.  4,  353  (1966). 

/29/  Thermophysical  Properties  of  Matter,  IPRC  Data  Service,  Vol.  13, 

Thermal  Expansion  -  Non- Metallic  Solids. 


(Received  November  28,  1979) 


I 


APPENDIX  19 

Pyroelectricity  in  SbSI 


PYROELECTRICITY  IN  SbSI 


A.  S.  BHALLA.  R.  E.  NEWNHAM  and  L.  E.  CROSS 

Materials  Research  Laboratory,  The  Pennsylvania  State  University. 

University  Park.  Pennsylvania  16802 

and 

J.  P.  DOUGHERTYt  and  W.  A.  SMITH 
Philips  Laboratories.  Briarcliff  Manor.  NY  10510 
( Received  July  JO.  1980) 

Large  pyroelectric  coefficient  (1.2  X  104  mC/th^C  at  7*—  7*.  »  2°C)  in  single  crystals  of  SbSI  were  measured  over  a 
temperature  range  encompassing  the  ferroelectric  phase  transition.  Simultaneous  measurement  of  the  pyroelectric  and 
dielectric  constants  were  made  and  the  pyroelectnc  figure  of  ment  p/K  was  evaluated  at  various  temperatures. 


INTRODUCTION 

Antimony  sulfur  iodide  (SbSI)  is  the  most  impor¬ 
tant  member  of  a  family12  of  ferroelectric  semi¬ 
conductors  with  formula  AVBV'XV".  It  has  a  dis- 
placive  first  order  ferroelectric  transition  near 
20°C.  The  Curie  temperature  Tc  depends  on  the 
growth  method  and  chemical  stoichiometry  of  the 
crystal.2  4  In  the  ferroelectric  phase.  SbSI  belongs 
to  point  group  mm2  in  the  orthorhombic  system 
and  exhibits  a  very  large  structural  anisotropy 
along  the  polar  c-axis.5  ‘  The  transition  is  accom¬ 
panied  by  an  exceedingly  high  permittivity  at  Tc. 
Crystals  grow  as  bundles  of  fine  needles  parallel 
to  the  c-axis  making  it  rather  difficult  to  obtain 
good  electrical  measurements  on  these  crystals  be¬ 
cause  of  their  small  cross-sectional  area  and  the 
uncertainty  of  the  single-crystal  nature  of  the 
sample.  So  far.  no  reliable  measurements  of  the 
pyroelectric  coefficient  and  its  temperature  de¬ 
pendence  have  been  reported  in  the  literature.  In 
this  paper  we  describe  'he  simultaneous  measure¬ 
ment  of  the  pyroelectric  and  dielectric  constants 
on  SbSI  crystals  using  a  modified  Byer-Roundy 
method  *  This  technique  eliminates  uncertainties 
in  temperature  by  measuring  p  and  K  simultane- 
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ously.  The  pyroelectric  figure  of  merit  p/K  is  eval¬ 
uated  over  a  temperature  range  encompassing  the 
ferroelectric  phase  transition. 


MEASUREMENT  TECHNIQUE 

Measurement  of  the  pyroelectric  coefficient  p  and 
the  dielectric  permittivity  K  was  carried  out  using 
an  automated  measurement  technique.'  In  this 
system,  the  pyroelectnc  coefficient  is  determined 
by  measuring  the  DC  discharging  (or  charging) 
current  (/)  from  a  sample  of  known  electrode  area 
(A)  subjected  to  a  controlled  rate  of  change  of 
temperature  (dT/dt).  The  pyroelectric  coefficient  p 
is  given  by 

i/A 

”‘7f77,  1,1 

It  is  important  to  compare  the  measured  pyro¬ 
electric  coefficient  for  both  heating  and  cooling 
over  a  number  of  temperature  cycles  because 
there  are  several  possible  sources  of  current  aris¬ 
ing  from  the  release  of  trapped  or  injected  charge 
and  from  conduction  currents  under  bias.  Com¬ 
paring  heating  and  cooling  curves  after  different 
modes  of  poling  and  under  different  cycling  con¬ 
ditions  provides  a  way  of  eliminating  some  of 
these  extraneous  effects. 


Simultaneous  pyroelectric  and  dielectric  meas¬ 
urements  are  made  by  dividing  the  circuit  into 
high  and  low  frequency  parts.  The  low  frequency 
(essentially  DC)  side  of  the  circuit  is  used  to  appiy 
the  DC  bias  and  measure  the  capacitance  at  1 
MHz  through  the  high  frequency  branch  of  the 
circuit.  The  two  halves  are  electrically  isolated 
trom  each  other.  Automated  control  is  accom¬ 
plished  with  a  Hewlett-Packard  3052A  Automated 
Data  Acquisition  System.  The  pyroelectric  meas¬ 
urement  system  is  based  on  a  HP9825A  minicom¬ 
puter  with  instrument  control  and  data  transfer 
provided  by  the  HPIB  interface  bus  (IEEE  488 
Standard).  Data  are  stored  on  magnetic  tape  car¬ 
tridges  and  plotted  on  a  digital  plotter.  The  com¬ 
puter  controls  the  temperature  (heating  rate)  and 
bias  applied  to  the  sample.  The  overall  system 
speed  is  3  to  4  complete  measurement  cycles  per 
second  with  data  stored  only  when  any  one  of  the 
measured  quantities  exceeds  a  preset  percentage 
ot  absolute  change. 

The  sample  temperature  is  determined  with  the 
well-calibrated  platinum  resistance  thermometer. 
Time  is  determined  using  an  HP98035A  interface 
clock.  From  the  time  and  temperature  measure¬ 
ments,  dT/dt  is  calculated.  In  our  arrangement, 
the  pyroelectric  coefficient  can  be  studied  m  the 
temperature  range  between  —30  and  200°C. 


EXPERIMENTAL 

Crystals  of  SbSI  were  grown  from  an  Sblj  flux 
using  the  Bridgman  method  and  a  vapor  transport 
technique.’ 10  A  few  good  quality  single  crystals 
with  well-defined  morphology  were  selected.  Crys¬ 
tals  were  examined  with  a  polarizing  microscope 
for  optical  quality  and  foreign  inclusions.  Chemi¬ 
cal  homogeneity  was  evaluated  by  electron  micro¬ 
probe  analysis  in  a  scanning  electron  microscope. 
Vapor-grown  crystals  were  slightly  off  stoichiome¬ 
try  with  a  slight  excess  of  sulfur  together  with  ox¬ 
ygen  impurities.  Cross-sectional  areas  of  the  crys¬ 
tals  were  measured  by  optical  microscopy.  Two 
ends  of  the  crystals  were  electroded  with  Ag- 
paste.  and  gold  wires  5  mil  in  diameter  were  at¬ 
tached  to  the  ends.  Crystals  were  suspended  from 
the  gold  wire  electrodes  in  a  special  specimen 
holder  and  then  positioned  in  a  silicone  oil  bath. 
The  SbSI  samples  were  kept  dark  to  avoid  the 
possibility  of  photocurrents.  Samples  were  poled 
with  DC  fields  of  500  V/cm  to  1  KV/cm  while 
being  cooled  from  45°C  to  about  10°C.  At  10°C 


the  poling  field  was  removed  gradually  in  order  to 
minimize  the  possibility  of  back  switching  caused 
by  the  space  charge  built  up  under  DC  field. 
Samples  were  held  at  that  temperature  up  to  sev¬ 
eral  hours  before  collecting  the  pyroelectric  data 
in  the  heating  cycles.  Typical  heating  rates  were 
l°C/min  to  4°C/min  in  various  runs. 


RESULTS  AND  DISCUSSION 

Figure  1  shows  the  temperature  dependence  of  the 
dielectric  constant  of  vapor-grown  SbSI  measured 
at  1  MHz  with  and  without  extra  bias.  An  electric 
field  of  —800  V/cm  was  applied  while  heating  the 
crystal  in  Run  No.  1  and  during  the  cooling  cycle 
in  Run  No.  2.  In  Run  No.  3  the  sample  was 
heated  at  2°C/min  from  5°C  to  40°C  under  zero 
field.  Simultaneous  measurements  of  the  sample 
capacitance  and  the  pyroelectric  output  current 
were  made.  The  sample  was  then  cooled  through 
the  phase  transition  under  a  positive  field  of  800 
V/cm.  Dielectric  and  pyroelectric  data  were  again 
collected  in  Run  No.  5  while  heating  the  sample. 

Figure  2  shows  the  current  density  measured 
during  cycles  No.  3  and  5.  The  change  in  sign  of 
the  current  density  with  the  reversal  of  the  poling 
field  indicates  clearly  that  the  origin  of  the  current 
is  the  pyroelectric  effect  in  SbSI.  The  pyroelectric 
coefficients  calculated  from  Eq.  1  are  plotted  in 
Figure  3  for  various  temperatures.  The  pyroelec¬ 
tric  coefficients  are  unusually  large,  even  at 
temperatures  well  removed  from  the  transition 
(Figure  4).  In  the  vapor-grown  crystals,  typical 
values  of  the  pyroelectric  coefficients  were  1.2  X  I0J 
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FIGURE  I  Temperature  dependence  of  the  dielectric  con¬ 
stant  of  vapor  grown  SbSI  at  I  MHz.  f  I )  and  (2)  with  bias-800 
V/cm.  1 3)  no  bias.  M)  bias  -  800  V  cm.  and  (5)  no  bias 
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FIGURE  2  Pyroelectric  current  density  with  the  reversal  of 
the  poling  field. 


MC/m^K  at  (T—Tc)  =  2°  and  6  X  I04  /ac/m^K  at 
the  peak  respectively.  The  spontaneous  polariza¬ 
tion  (/*,)  23  Mc/cm:  (Figure  5)  calculated  from  the 
integration  of  pyroelectric  current  agrees  well  with 
the  value  of  25  /ac/cm;  reported  in  the  literature. 

Both  the  dielectric  and  the  pyroelectric  data 
show  a  sharp  transition  around  24.7°C,  slightly 
higher  than  the  value  reported  for  flux-grown 
crystals.  Apparently  the  vapor-grown  crystals 
contain  oxygen  impurities  and  excess  sulfur  which 
result  in  a  small  increase  in  the  transition  temper¬ 
ature.  The  pyroelectric  properties  are  relatively 
unaffected  by  the  small  amount  of  impurities,  as 
evident  from  the  pyroelectric  data  gathered  on 
flux-grown  crystals. 

The  pyroelectric  figure  of  merit  (p/K)  for  SbSI 
was  computed  from  the  pyroelectric  coefficient  p 
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FIGURE  3  Pyroelectric  coefficient  of  vapor  grown  SbSI 
crystal. 
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FIGURE  4  p  vs  T  for  the  vapor  grown  SbSI  single  crystal 
liber  below  the  ferroelectric  transition  (T,  —  24.7°C). 


and  the  dielectric  constant  K  measured  at  various 
temperatures,  and  is  plotted  in  Figure  6.  From 
5°C  to  about  20°C,  p/K  is  2  X  1(T‘  (MKS)  but 
rises  sharply  to  10~3  at  the  transition,  comparable 
to  the  TGS  (1.1  X  10*5  MKS). 

According  to  Devonshire's  phenomenological 
theory  of  ferroelectricity,  for  a  crystal  in  the 
stress-free  state  thermodynamic  potential  A(P)  can 
be  expressed  as 

A(P)  =  AoCn  +  j(T-To)P: 


+ 


rP 4 
4 


(2) 


where  P  is  the  electric  polarization  and  r,  and  S 
are  temperature-independent  coefficients.  Using 


FIGURE  5  P  vs  T  as  calculated  from  the  pyroelectric  data. 
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FIGURE  6  p/K  as  computed  from  the  measured  pyroelec¬ 
tric  coefficient  and  the  dielectric  constant  at  various  tempera¬ 
tures  encompassing  the  phase  transition. 


only  the  second  order  terms.  Liu  and  Zook'1  de¬ 
rived  a  relation 


(3) 


where  C  is  the  Curie  constant  and  assumed  to  be 
temperature  independent.  Eq.  (3)  indicates  that 
the  figure  of  merit  p/K  should  follow  the  slope  of 
P,  vs  T  curve.  The  validity  of  this  relation  was 
tested  on  SBN  using  the  Chynoweth  method,  and 
on  TGS  and  DTGFB  using  an  automated  Byer- 
Roundy  technique.12  The  experimental  values  and 
the  theoretical  predictions  are  in  agreement  over  a 
temperature  range  20°C  below  the  transition  in 
TGS  and  DTGFB. 

It  is  clear  from  Figures  5  and  6  that  p/K(T) 
does  not  follow  the  temperature  dependence  of  P,. 
The  discrepancy  might  be  real,  or  it  could  arise 
from  errors  in  the  measured  values  of  p  and  K. 
The  spontaneous  polarization  P,  computed  from 
the  integration  of  p  is  in  good  agreement  with  the 
value  obtained  from  the  E-D  curve  supporting  the 
validity  of  the  pyroelectric  coefficient  measure¬ 
ments.  This  suggests  the  possibility  of  discrepan¬ 
cies  in  the  dielectric  constant.  In  the  present 
set-up  the  dielectric  constants  at  1  MHz  are  not 
measured  under  steady-state  conditions,  and  thus 
do  not  give  the  isothermal  values  needed  to  estab¬ 
lish  the  validity  of  relation  (3).  The  measured 
values  are  closer  to  the  adiabatic  dielectric  permit¬ 
tivity.  This  suggests  a  correction  to  the  measured 
permittivity  based  on  the  following  relation. 11 


Kt  =  Ks  + 


p'T 


CO  Cp 
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FIGURE  7  Plow  of  Pt/C  and  p/K  vs  temperature,  after  ap¬ 
plying  the  isothermal  correction  to  the  dielectric  constant. 

where  Kr  and  AY  are  the  isothermal  and  adiabatic 
dielectric  constants,  and  cf  is  the  volume  specific 
heat  of  SbSI.  Isothermal  dielectric  constants  were 
calculated  at  various  temperatures.  A  sharp  di¬ 
electric  anomaly  representing  the  first  order  tran¬ 
sition  appears  at  24.7°C.  Revised  plots  of  (p/K r) 
vs  T  and  (P/C)  vs  T  are  shown  in  Figure  7.  Both 
functions  show  a  sharp  decrease  near  the  Curie 
temperature,  but  some  anomalies  in  p/Kr  remain. 
Further  study  of  the  higher  order  terms  in  the 
Devonshire  theory  and  of  the  temperature  de¬ 
pendence  of  the  property  coefficients  is  needed. 

The  highest  value  of  the  figure  of  merit  (p/Kr) 
is  about  2.4  X  10'*  measured  5°  below  Tc. 
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Pyroelectric  glass-ceramics  of  composition  Ba2TiGe208  and  Ba2TiSi208  were  prepred  by 
crystallizing  the  glasses  in  a  temperature  gradient.  High  pyroelectric  responses  up  to  50% 
of  the  single-crystal  values  were  observed  because  of  the  high  degree  of  orientation  of  the 
crystallites  in  the  glass-ceramic  samples.  The  piezoelectric  and  dielectric  properties  of  the 
glasses  and  the  glass-ceramics  are  also  consistent  with  the  properties  of  the  single  crystals. 


1.  Introduction 

Pyroelectric  lithium  disilicate  glass-ceramics  have 
recently  been  prepared  by  growing  highly  orien¬ 
tated  surface  layers  of  lithium  disilicate  crystals 
by  crystallizing  the  glasses  of  stoichiometric  glass 
compositions  Li20  •  2Si02  in  a  temperature  gradi¬ 
ent  [1  ].  This  technique  provides  a  method  of  fabri¬ 
cating  large  and  inexpensive  pyroelectric  devices. 
However,  one  difficulty  encountered  in  working 
with  the  lithium  disilicate  pyroelectric  glass-ceramic 
was  that  thin  targets  (of  thickness,  J  <  200  gm)  cut 
perpendicular  to  the  growth  direction  (the  polar 
c-axis  of  Li2Si205)  were  extremely  fragile  and 
could  not  be  prepared  routinely. 

In  this  study  pyroelectric  glass-ceramics  of 
barium  titatnium  silicate  (BTS:  Ba2TiSi2Os  or 
fresnoite)  and  barium  titanium  germanate  (BTG: 
Ba2TiGe2Oa)  are  described,  the  physical  properties 
of  which  are  superior  to  Li2Si2Os.  Thin  sections 
of  these  glass-ceramics,  less  than  100  pm  in  thick¬ 
ness.  can  easily  be  prepared  since  they  arc  mech¬ 
anically  much  stronger.  Glass-ceramics  of  BTG 
and  BTS  were  prepared  by  crystallizing  glasses  of 
stoichiometric  compositions  of  BTG  and  a  silica- 
rich  composition  (64Si02 -36BaTi03)  of  BTS  in 
a  thermal  gradient.  The  dielectric  and  pyroelectric 
properties  were  measured  and  compared  with  the 
properties  of  single  crystals. 

In  the  single -crystal  form  fresnoite  belongs  to 


the  crystallographic  point  group  4mm  and  is 
pyroelectric  [2J.  Ba2TiGe208  is  reported  to  be  a 
ferroelastic  [3,4]  below  810°  C  and  belongs  to  the 
orthorhombic  polar  point  group  mm2.  In  the 
paraelastic  phase  above  the  transition  temperature, 
fc.  BTG  also  belongs  to  the  tetragonal  point 
group  4mm. 

Glass-ceramics  in  the  BaTi03-SiO2  system  have 
been  previously  investigated.  Herczog  [5]  studied 
the  crystallization  of  BaTi03  in  a  silicate  glass 
matrix.  Dielectric  and  electro-optic  measurements 
on  transparent  glass-ceramics  containing  ferro¬ 
electric  BaTi03  in  a  glass  matrix  have  also  been 
reported  [6[.  However,  the  primary  interest  in 
these  materials  has  been  concerned  with  the 
dielectric  and  electro-optic  properties  of  the  glass- 
ceramics.  and  in  the  ferroelectric  nature  of  BaTiOj 
crystallites  surrounded  by  a  glass  matrix.  In  these 
studies  no  efforts  have  been  made  to  develop 
glass-ceramics  containing  orientated  crystallites. 
The  present  study  describes  the  preparation  and 
characterization  of  glass-ceramics  containing 
orientated  crystallites  of  the  pyroelectric  (but 
non-ferroelectric)  BTS  and  BTG  phases. 

2.  Experimental  details 

Glasses  of  composition  64Si02  •  36BaO  •  36Ti02 
were  prepared  by  mixing  reagent-grade  silicic 
acid*,  barium  carbonate*  and  titanic  oxide*. 


*J  .  T.  Baker  Chemical  Co,.  Phillipsbura.  NJ.  I  SA. 

+  l  isher  Scientific  Co..  Phillipsbura.  NJ.  ISA. 

*!  agle  -Picher  Industries,  Inc..  Ouapaw.  Oklahoma.  I  S A 


followed  by  melting  in  a  globar  furnace.  Fresnoite 
has  a  high  melting  point  (1400°  C)  and  thus,  it 
was  difficult  to  obtain  bubble-free  glasses  of  the 
stoichiometric  composition.  To  avoid  this  problem, 
a  composition  was  selected  which  lies  near  the 
eutectic  point  on  the  silica-rich  side  of  the 
BaTi03-SiOj  binary  phase  diagram  [7].  This 
composition  lies  well  within  the  range  of  glass 
formation  in  the  BaTiOj—  Si02  system. 

In  the  case  of  BTG,  reagent-grade  barium 
carbonate,  germanium  oxide*  and  titanic  oxide 
were  mixed  and  melted  in  the  furnace.  In  both 
cases,  the  melts  were  maintained  at  1375°  C  for 
24  hours  for  fining  and  homogenization.  Trans¬ 
parent  samples  were  obtained  by  pouring  the  melt 
into  a  graphite  mould.  The  samples  which  crys¬ 
tallized  during  pouring  of  the  melt  were  remelted 
and  poured  again  into  the  graphite  mould  in  order 
to  ensure  transparent  glass  samples.  All  the  glass 
samples  were  annealed  at  600°  C  for  1 2  hours  and 
then  cut  and  polished  in  the  form  of  thick  disks 
in  preparation  for  the  crystallization  studies.  To 
determine  the  crystallization  temperatures  of  the 
glass  compositions,  differential  thermal  analysis 
(DTA)  measurements  were  performed  on  the  glass 
samples.  Exothermic  peaks  were  observed  at 
860°  C  in  the  case  of  BTS  and  at  800°  C  in  the 
case  of  BTG,  as  shown  in  Fig.  1 . 

Crystalization  was  carried  out  in  a  temperature 
gradient  by  placing  the  polished  glass  samples,  m 
the  form  of  thick  disks,  on  a  microscope  hot 
stage.1.  The  temperature  gradient  near  the  hottest 
temperature  zone  was  perpendicular  to  the  surface 
of  the  sample  and  it  was  estimated  to  be  about 
100° C mm'1.  Typical  heating  cycles  used  for 
glass  crystallization  are  shown  in  Fig.  2.  The 
heating  cycle  consisted  of  an  initial  rapid  rise  in 
temperature  to  minimize  volume  nucleation. 
followed  by  a  slow  increase  in  temperature  at  a 
rate  of  about  3° Cmin‘l.  After  reaching  the 
maximum  crystallization  temperature  (1 100°  C  for 
BTS  and  1000°  C  for  BTG),  the  samples  were 
held  at  this  temperature  for  24  hours.  The  tem¬ 
perature  was  then  decreased  rapidly  to  room 
temperature.  The  thicknesses  of  the  crystallized 
portions  of  the  glasses  ranged  from  1  to  2  mm, 
depending  on  the  heating  cycle. 

The  degree  of  preferred  orientation  of  the 


(a)  (61 


“  Heating  rate:  KPCmin"1 

figure  1  DTA  heating  curves  of  (a)  BTG  and  (b)  BTS 
glasses. 

glass-ceramic  was  evaluated  from  X-ray  diffracto¬ 
meter  patterns.  X-ray  diffraction  (XRD)  patterns 
were  recorded  on  surfaces  normal  to  the  direction 
of  the  temperature  gradient  (Fig.  3).  The  XRD 
patterns  were  compared  with  the  standard  powder 
diffraction  patterns  to  determine  the  relative 
degree  of  orientation.  The  dielectric  constants  of 
glass  and  glass-ceramic  disks  were  measured  with  a 
capacitance  bridge.  The  piezoelectric  behaviour 
parallel  to  the  crystallization  direction  was  studied 
using  a  c^-meter.*  The  samples  were  thinned 
down  to  about  200  pm  in  thickness  and  the  pyro¬ 
electric  response  was  measured  by  the  dynamic 
Chynoweth  technique  [8]  at  a  modulating  fre¬ 
quency  of  4  Hz.  The  pyroelectric  signals  on  glass- 
ceramics  were  compared  with  the  responses  from 
single  crystals  of  the  BTG  and  BTS.  The  densities 
of  BTG,  BTS  glasses  and  glass-ceramic  samples 
were  determined  by  a  mercury  porosimeter5  and 
compared  with  the  densities  of  single  crystals. 

3.  Results  and  discussion 

Table  I  summarizes  the  data  for  the  glass  and 
glass-ceramic  samples.  Single-crystal  values  are  also 
listed  for  comparison. 

X-ray  powder  diffraction  patterns  of  the  crys¬ 
tallized  samples  showed  that  the  principal  crystal¬ 
lized  phases  were  fresnoite  in  the  BTS  glass- 
ceramics  and  BajGe2TiOB  in  the  BTG  glass- 
ceramic  samples.  A  few  low-intensity  peaks  of  an 
unidentified  phase  were  observed  in  the  powder 
diffraction  patterns  of  both  compositions.  The 
samples  showed  highly  orientated  crystal  growth 
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Figure  2  Heating  cycles  used  for  crystallizing  (a)  BTG  and 
(b)  BTS  glasses. 


in  a  direction  parallel  to  the  temperature  gradient, 
with  the  polar  oaxts  perpendicular  to  the  hot 
surface  of  the  sample.  As  shown  in  Fig.  4,  the 
00  2  reflection  was  the  strongest  in  the  X-ray 
patterns  of  the  crystallized  surfaces.  The  ratio  of 
the  intensity  of  the  00  2  peak  to  that  of  the  2  1  1 
peak  was  taken  as  a  measure  of  the  relative  degree 
of  orientation.  The  intensity  ratios  are  given  in 
Table  l.  Comparison  of  the  intensity  ratios  in  the 
glass-ceramic  samples  with  the  intensity  ratios  of 
a  standard  powder  pattern,  showed  a  high  degree 
of  orientation  of  the  crystallites  in  the  glass- 
ceramics.  An  even  higher  degree  of  orientation 
was  obtained  in  the  samples  with  good  surface 
finish. 


The  degree  of  preferred  orientation  in  crys¬ 
tallized  samples  of  BTS  and  BTG  was  similar  to 
that  observed  previously  [lj  in  Li2Si205.  It  was 
observed  that  the  degree  of  orientation  of  the 
crystallites  in  the  isothermally  crystallized  glass- 
ceramics  was  poor  compared  to  the  samples 
crystallized  in  a  temperature  gradient.  In  addition, 
detailed  studies  of  the  microstructure  of  the 
crystallized  samples  showed  that  the  thickness  of 
the  well-orientated  region  was  larger  in  the  case 
of  samples  crystallized  in  a  temperature  gradient, 
indicating  that  thermal  gradient  crystallization  is 
preferable  for  obtaining  well  orientated  glass- 
ceramics. 

The  main  reason  for  the  orientation  of  the 
crystallites  is  surface-nucleated  crystallization 
which  takes  place  in  both  the  isothermal  and  tem¬ 
perature-gradient  crystallization.  A  higher  degree 
of  electrical  and  crystallographic  orientation  is 
obtained  in  the  temperature-gradient  crystalliz¬ 
ation  method  due  to  the  absence  of  volume 
nucleation;  however,  in  the  case  of  isothermal 
crystallization,  the  orientation  of  the  crystallites 
is  limited  to  a  layer  only  a  few  micrometers  thick 
due  to  the  simultaneous  occurrence  of  volume 
nucleation.  Atkinson  and  McMillan  [9]  attempted 
to  produce  a  L^SijOj  glass-ceramic  with  an 
aligned  microstructure  by  a  hot-extrusion  method. 
They  were  partially  successful  in  obtaining  glass- 
ceramic  samples  with  the  disilicate  crystal  crys- 
tallograpiiically-aiigned  parallel  to  the  extrusion 
axis.  However,  the  degree  of  orientation  of  the 
crystallites  was  less  than  that  obtained  in  glass- 
ceramic  samples  prepared  by  crystallizing  the 
glasses  in  a  temperature  gradient  [1  ]. 

The  density  of  BTG  glass  was  about  the  same  as 


TABLE  1  Summary  of  data  for  glass  and  glass-ceramic  samples 

Sample  X-ray  intensities,  Dielectric  Dissipation  Density  d,,  Pyroelectric 

/  <00  2>  constant,  factor*  (gem"’)  (X  10' 1 C  N  ' )  response 

/ <2  1  1 )  e* 


BTG  glass 

— 

17 

0.003 

4.74 

— 

BTG  glass-ceramic 

85 

15.0 

0.002 

4.56 

5  to  7 

BajGe,TiO,  single  crystal 

0.2 

e„  =  20 

0.003 

4.84 

8 

(standard 

Or  =  20 

powder  pattern) 

e„  =  13 

BTS  glass 

— 

15 

0.002 

4.01 

— 

BTS  glass-ceramic 

15 

12.5 

0.002 

3.90 

2  to  3 

Ba,Si,TiO,  single  crystal 

0.2 

=fn  =  15 

0.003 

4.45 

3.8 

(standard 

powder  pattern) 


50%  to  60% 
of  single¬ 
crystal 
value 


50%  to  60% 
of  single¬ 
crystal 
value 


Measurements  were  made  at  1  MHz  for  the  glass  and  glass-ceramic  and  at  1  kHz  for  single  crystals. 


Surfac*  of  th*  glass 
samplt  m  contact 
with  hot  stag* 


Figure  3  The  direction  of  polar  orientation  in  glass 
ceramic  samples. 


the  singie-crystal  form  (Table  I),  while  that  of  BTS 
glass  tflas  slightly  lower  than  the  density  of  Ires 
noite  single  crystals  because  of  the  excess  silica 
used  in  the  BTS  composition.  Only  a  small 
decrease  in  density  occurred  on  crystallization  of 
the  glass  phases,  indicating  a  low  concentration  of 
voids  in  the  glass-ceramic  samples.  Samples  as 
thin  as  100 (am  could  be  prepared  without  diffi¬ 
culty  because  of  the  absence  of  pores  and  cracks. 

The  dielectric  constants  of  BTS  and  BTC 
glasses  measured  at  1  MHz  are  very  close  to  the 
mean  dielectric  constant,  (tM  +  e22  +  €j3)/3,  ot 
the  corresponding  crystalline  phases.  On  crystal- 


Figure  4  X-ray  diffraction  partem*  of  ia>  Bd.t»e.TiO.  sianuard  powder  diffraction  pattern,  (b)  BTG  glass-ceramic, 
fc>  Ba.TiSi.0,  standard  powder  diffraction  pattern.  jnd  id)  BTS  gia»-cc ramie. 


lization,  the  dielectric  constants  of  the  glass- 
ceramic  samples  show  a  slight  decrease;  the  dielec¬ 
tric  constant  measured  in  the  crystallization 
direction  is  closer  to  the  e3-values  of  the  single 
crystals.  This  is  consistent  with  the  fact  that  the 
c-axis  is  the  preferred  orientation  direction  in  the 
glass-ceramic,  as  indicated  by  X-ray  diffraction 
analysis. 

The  loss  tangent  factors  of  the  glass-ceramics 
were  similar  to  those  measured  on  single  crystals. 

Piezoelectric  coefficients,  <f33,  measured  in  the 
crystallization  direction  in  glass-ceramics  were 
comparable  to  the  single-crystal  J33  coefficient 
values  reported  [2-4]  for  BTS  and  BTG.  Opposite 
faces  of  the  sample  gave  opposite  signs  for  the 
piezoelectric  constant.  The  large  magnitude  of 
z/33-values  and  its  sign  reversal  suggest  that  the 
crystallites  in  the  glass-ceramics  are  not  only 
orientated  along  the  c-axis  in  the  crystallization 
direction,  but  that  most  of  the  crystallites  have 
the  same  polarity  as  well.  The  fact  that  the  de¬ 
values  remained  constant  over  the  entire  surface 
of  the  glass-ceramic  testifies  to  the  uniformity  and 
the  homogeneity  of  the  samples. 

As  in  the  previous  study  of  lithium  disilicate 
[1 1,  it  was  observed  that  the  temperature  gradient 
dictated  both  the  electrical  and  crystallographic 
alignment.  In  all  samples  the  polar  orientation  was 
antiparallel  to  the  direction  in  which  crystalliz¬ 
ation  proceeds  into  the  glass,  with  the  positive 
end  of  the  dipole  pointing  toward  the  htgh- 
temperature  end  of  the  sample,  as  depicted  in 
Fig.  3.  There  may  be  several  causes  for  the  polar 
alignment  of  the  crystallites.  One  possible  cause  is 
the  existence  of  high  local  electric  fields  resulting 
from  surface  pyroelectric  charges  [10).  These  local 
electric  fields  might  dictate  the  orientation  of  the 
dipoles  as  crystallization  proceeds  into  the  glass. 
A  second  possible  cause  is  the  nature  of  the  sur¬ 
face  chemistry.  It  is  known  that  low  charge  cations 
such  as  Li*  or  Ba:*  migrate  to  the  surface  upon 
heating  [  1 1  [.  This  higher  surface  concentration 
of  cations  could  influence  the  nature  of  both  the 
crystallization  and  polar  orientation.  It  is  possible 
that  as  the  crystallization  proceeds  into  the  bulk 
of  the  glass,  starting  from  a  cation-rich  surface, 
the  positive  end  of  the  dipole  moments  in  the 
crystallites  will  be  directed  toward  the  hot  surface. 

The  pyroelectric  response  on  the  glass  ceramics 
was  studied  by  the  dynamic  Chynoweth  method. 
Pvroelectric  voltage  responses  of  between  50  and 
60%  of  the  single-crystal  values  were  obtained 


reproducibly  with  the  glass-ceramic  samples.  The 
sign  of  the  pyroelectric  coefficient  is  negative  for 
BTG  single  crystals  and  positive  for  BTS.  A  similar 
difference  in  sign  was  observed  with  glass-ceramics. 
For  a  simple  pyroelectric  detector,  the  figure 
of  merit  is  given  by  p/e,  where  p  is  the  pyro¬ 
electric  coefficient  and  e  is  the  dielectric  permit¬ 
tivity.  The  pyroelectric  coefficients  of  single 
crystals  of  Ba2TiGe208  and  Ba2TiSi208  are  3  and 
10pCm'2°C~‘,  respectively  [12].  Since  the 
dielectric  constants  of  the  glass-ceramics  are  com¬ 
parable  with  those  of  single  crystals,  it  can  be  con¬ 
cluded  that  the  pyroelectric  coefficients  of  the 
glass-ceramics  are  of  the  same  order  of  magnitude 
as  those  of  the  single  crystals.  Specimens  of  100  to 
500  pm  in  thickness  were  studied  during  pyro¬ 
electric  tests.  Samples  of  large  surface  area  and  less 
than  100pm  in  thickness  were  mechanically  strong 
and  gave  reproducible  results,  suggesting  their  use 
as  pyroelectric  detectors. 

4.  Conclusions 

Glass-ceramics  of  composition  Ba2TiGe208  and 
Ba2TiSi208  were  prepared  by  crystallizing  the 
glasses  in  a  temperature  gradient.  The  glass- 
ceramics  show  preferred  orientation,  with  the 
polar  c-axis  parallel  to  the  temperature  gradient. 
Pyroelectric  responses  up  to  50%  of  the  single¬ 
crystal  values  were  observed  on  these  glass-ceramic 
samples.  Measurement  of  the  density,  dielectric 
constant,  and  piezoelectric  constant  gave  results 
comparable  to  the  reported  single-crystal  proper¬ 
ties. 
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ANHARMONIC  PERTURBATION  CALCULATION  OF  ELECTROSTRICTION  FOR  SrTi03 
B.N.N.  Achar  and  G.R.  Barsch 

Abstract 

The  hydrostatic  electrostriction  coefficient  of  SrTiO^  has  been  calculated 
as  a  function  of  temperature  on  the  basis  of  anharmonic  perturbation  theory.  The 
same  anharmonic  shell  model  as  used  for  the  calculation  of  the  electrostriction 
coefficients  of  the  static  crystal  is  employed.  The  anharmonic  contributions  from 
the  Coulomb  interactions  are  found  to  be  comparable  to  those  from  the  short-range 
interactions,  and  their  inclusion  leads  to  better  agreement  with  experimental  data 
than  calculations  based  on  the  model  of  Bruce  and  Cowley. 
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PHENOMENOLOGICAL  THEORY  OF  THE  TEMPERATURE  VARIATION  OF  ELECTROSTRICTION 
OF  FERROELECTRICS  IN  THE  PARAELECTRIC  PHASE 

G.R.  Barsch,  B.N.N.  Achar  and  L.E.  Cross 
Abstract 

A  properly  constructed  static  Landau-Oevonshire  free  energy  function  implies 

the  validity  of  the  Curie-Weiss  law  for  a  homogeneously  strained  crystal  up  to 

first  order  in  the  strain  and  has  been  used  to  deduce  phenomenological  expressions 

for  the  temperature  dependence  of  the  first  order  electrostriction  coefficients 

of  ferroelectric  crystals  in  the  paraelectric  phase.  If  the  prototype  phase  has 

cubic  symmetry,  the  coefficients  Q  .  .  depend  linearly  on  temperature.  Moreover, 

rs  *  i  j 

if  the  ferroelectric  transition  is  of  second  order  the  electrostriction  coeffi¬ 
cients  pertaining  to  shear  deformations  vanish  at  the  Curie  temperature  T  .  These 
theoretical  results  are  in  agreement  with  the  experimental  data  available  for 
perovskite  oxides. 


DIFFUSE  FERROELECTRIC  PHASE  TRANSITION  AND  CATION  ORDER  IN  THE  SOLID 
SOLUTION  SYSTEM  Pb(Sc1/2Nb1/2)03:Pb(Sc1/2Ta1/2)03 

Chen  Zhili,  N.  Setter,  L.E.  Cross 
Abstract 

Earlier  studies  have  shown  that  in  Pb(SCy2Ta^2)03  PST  and  Pb(Sc1/2Nb1/2)03 
which  are  simple  cubic  perovskites,  the  degree  of  ordering  of  the  different  B 
site  cations  in  the  ABO^  structure  can  be  controlled  thermally.  Quenched  dis¬ 
ordered  crystals  and  ceramics  show  diffuse  dispersive  dielectric  properties, 
while  well  annealed  ordered  materials  exhibit  "normal"  sharp  first  order  transi¬ 
tions.  In  this  work  the  solid  solutions  between  PST  and  PSN  are  shown  to 
permit  control  of  both  the  centroid  and  the  span  of  the  diffuse  Curie  range. 

Since  the  depolarization  curve  can  be  modified  by  both  compositions  and  cation 
ordering,  interesting  pyroelectric  effects  are  possible. 
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ELECTROSTRICTIVE  EFFECTS  IN  POTASSIUM  TANTALATE  NIOBATE 
K.  Uchino,  S.  Nomura,  L.E.  Cross,  and  R.E.  Newnham 

Abstract 

Electrostrictive  effects  in  the  potassium  tantalate  niobate  solid  solu¬ 
tion  (K(Tag  55Nbg  45)^3)  have  been  investigated.  The  electrostrictive  coeffi¬ 
cients  were  determined  by  a  strain  gauge  technique  and  by  the  measurement  of 
hydrostatic  pressure  dependence  of  dielectric  constant  near  the  Curie  tempera- 

ture.  The  Q  values  obtained  are  Q, ,  =  9.5  x  10  ,  Q,9  =  -3.6  x  10  and  Q.  = 

-24-2  ^  ” 

2.3  x  10  m  C  ,  which  are  almost  the  same  as  those  of  end-members,  KTaO^  and 

KNbOg.  The  "constant  QC  rule"  is  maintained  in  this  solid  solution. 
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TRANSVERSE  HONEYCOMB  COMPOSITE  TRANSDUCERS 
A.  Safari,  A.  Halliyal,  R.E.  Newnham  and  I.M.  Lachman 

Abstract 

Composites  with  3-1  connectivity  were  fabricated  by  impregnating  an  extruded, 
sintered  honeycomb  configuration  of  PZT  with  epoxy.  The  composites  had  lower 

3 

density  (%  300  Kg/m  )  and  lower  dielectric  constant  (%400)  than  that  of  solid  PZT. 
The  maximum  piezoelectric  3^  coefficient  of  the  composites  was  350  pC/N,  and 
the  maximum  hydrostatic  3^  220  pC/N.  g^  and  3^g^  of  the  composites  were  an  order 
of  magnitude  higher  than  that  of  solid  PZT.  Considering  the  symmetry  and  phase 
connectivity  of  the  individual  phases  in  the  composite,  an  explanation  is  given 
for  the  improved  piezoelectric  properties  of  the  composites. 
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FLEXIBLE  COMPOSITE  TRANSDUCERS 
A.  Safari,  A.  Halliyal,  L.J.  Bowen  and  R.E.  Newnham 

Abstract 

Flexible  piezoelectric  composites  made  from  PZT  spheres  and  polymers  with 
1-3  connectivity  were  fabricated  using  several  types  of  polymers.  The  dielectric 
constant  of  the  composites  were  300  to  400  and  the  piezoelectric  voltage  coeffi- 
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cients  g^  were  45  to  55  x  10  V-m/N.  The  high-frequency  properties  of  the 
composites  were  measured  in  both  the  thickness  and  radial  mode  of  resonance. 

The  frequency  constants  and  the  coupling  coefficients  of  the  composites  for  t.he 
thickness  mode  of  resonance  are  comparable  with  the  corresponding  values  for  PZT. 
Possible  applications  of  the  composites  are  indicated. 
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HIGH  FREQUENCY  APPLICATIONS  OF  PZT/POLYMER  COMPOSITE  MATERIALS 
T.R.  Gururaja,  W.A.  Schulze,  T.R.  Shrout,  A.  Safari,  L.  Webster,  L.E.  Cross 

Abstract 

PZT/polymer  composite  hydrophone  materials  for  four  connectivity  patterns 
have  been  evaluated  for  high  frequency  applications  such  as  ultrasonic  medical 
diagnosis  and  nondestructive  testing.  The  amplitude  and  bandwidth  of  the  pulse 
echo  test  are  used  as  the  principal  figure  of  merit.  Transducers  made  with  the 
PZT  rods  cast  in  an  epoxy  matrix  have  pulse  echo  sensitivity  comparable  to 
unmatched  commercial  transducers. 
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STUDY  OF  THE  PIEZOELECTRIC  PROPERTIES  OF  Ba^TiOg 
GLASS- CERAMIC  AND  SINGLE  CRYSTALS 

A.  Halliyal,  A.S.  Bhalla,  R.E.  Newnham,  L.E.  Cross  and  T.R.  Gururaja 

Abstract 

Glass-ceramics  of  composition  Ba2Ge2Ti0g  with  oriented  crystallites  were 
prepared  by  crystallizing  the  glasses  in  a  temperature  gradient.  The  degree  of 
preferred  orientation  of  the  crystallites  as  a  function  of  depth  was  studied. 
Piezoelectric  resonance  properties  of  both  the  glass-ceramics  and  the  single 
crystals  were  studied.  The  piezoelectric  d^^  coefficient,  the  frequency  con¬ 
stants  and  the  electromechanical  coupling  coefficients  of  the  glass-ceramic  were 
comparable  to  the  single-crystal  values. 
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PIEZOELECTRIC  PROPERTIES  OF  LITHIUM  BOROSILICATE  GLASS  CERAMICS 
A.  Halliyal,  A.S.  Bhalla,  R.E.  Newnham  and  L.E.  Cross 

Abstract 

Glass  ceramics  in  the  system  Li^O-Si^-f^O^,  with  oriented  crystallites 
were  prepared  by  crystallizing  the  glasses  in  a  temperature  gradient.  Piezo¬ 
electric  and  electromechanical  properties  of  the  glass  ceramics  are  reported. 
Some  of  the  compositions  exhibit  low  temperature  coefficient  of  resonance,  com¬ 
parable  to  L i T i 0 ^  single  crystals.  Advantages  of  fabricating  glass-ceramic 
piezoelectric  resonators  are  described  and  the  possibility  of  using  them  in  sur¬ 
face  acoustic  wave  (SAW)  devices  is  suggested. 
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FABRICATION  AND  ELECTRICAL  PROPERTIES  OF  GRAIN  ORIENTED  Bi4Ti3012  CERAMICS 
S.  Swartz,  W.A.  Schulze  and  J.V.  Biggers 

Abstract 

A  fabrication  process  has  been  developed  by  which  Bi^Ti^O^  can  be  made  in 
ceramic  form  with  high  densities  (92%  theoretical)  and  substantial  grain  orienta¬ 
tions  (>95%).  The  process  consists  of  molten  salt  synthesis  of  platelets  of 
Bi^Ti^O^,  tape  casting,  and  conventional  sintering.  Electrical  measurements 
have  verified  the  high  degree  of  grain  orientation  obtained  in  these  ceramics. 
Permittivities  in  the  a-b  oriented  direction  (along  the  plane  of  the  tape)  and 
the  c  oriented  direction  (perpendicular  to  the  plane  of  the  tape)  at  100  KHz  are 
153  +  5  and  118  +5,  respectively.  Conductivities  at  1  KHz  and  500°C  in  the  a-b 

and  c  oriented  directions  are  6.3  x  10  and  4.2  x  10  (ohm-m)  ,  respectively. 
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The  c  oriented  direction  was  poled  to  a  d,.,  of  5  x  10  C/N  with  the  application 

-1 2 

of  a  DC  field.  The  a-b  oriented  direction  was  poled  to  a  d^3  of  10  x  10  C/N 

with  the  application  of  a  pulsed  field  on  cooling  through  the  transition. 
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ORDERING  IN  Pb(Mg1/3Nb2/3)03-Pb(Mg1/2W1/2)03  SOLID  SOLUTIONS 
A.  Amin,  R.E.  Newnham,  L.E.  Cross,  S.  Nomura  and  D.E.  Cox 


Abstract 

Compositional  ordering  was  found  to  occur  in  the  ferroelectric  (1-x) 
Pb(Mg.j/3Nb2/3)03  antiferroelectric  x  Pb(Mg-|y2W^2)03  solid  solution  system. 
X-ray  diffraction  and  neutron  profile  fitting  structure  refinement  were  used 
to  refine  one  such  composition  with  x  =  0.9.  The  paraelectric  structure  of 
compositions  with  x  <  0.2  is  that  of  the  disordered  perovskite  (space  group 
Pm3m) ,  whereas  for  0.2  £x  <  1.0  the  structure  is  that  of  ordered  perovskite 
(space  group  Fm3m).  The  oxygen  octahedra  in  the  ordered  state  are  regular 
but  no  longer  equivalent. 
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LOW  ENERGY  INERT  GAS  ION  SCATTERING  FROM  GdF3,  Gd^  AND 
Gd2(Mo04)3  SURFACES:  1.  INELASTIC  EFFECTS 

L.L.  Tongson,  A.S.  Bhalla  and  B.E.  Knox 
Abstract 

Inelastic  effects  in  the  scattering  of  Ar-40,  Ne-20  and  He-4  ions  from  GdF3 
and  Gd203  have  been  studied.  Such  effects  give  rise  to  the  low  energy  'tail' 
of  the  elastic  peaks  in  ion  surface  scattering  (ISS).  Experimental  data  show 
that  the  extent  of  'tailing'  increases  from  Ar-40  to  He-4.  For  each  probe  ion 
type,  the  background  is  significantly  greater  in  GdF3  than  in  Gd203.  The  signi¬ 
ficance  of  (1)  surface  structure,  (2)  the  surface  polarization  model  and  ion  sur¬ 
face  scattering,  and  (3)  electronic  effects  on  this  low  energy  background  will 
be  shown  by  discussing  the  present  data  as  well  as  supplementary  results  on  He-4 
ion  scattering  from  selected  oxides  and  polar  surfaces  of  Gd2(Mo04)3. 
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INVESTIGATION  OF  BaTi03  and  Gd2(Mo04)3  CRYSTAL  SURFACES  BY 
COMPLEMENTARY  AES  AND  ISS  TECHNIQUES 

L.L.  Tongson,  A.S.  Bhalla,  L.E.  Cross  and  B.E.  Knox 

Abstract 

The  chemical  nature  of  the  intrinsic  surface  layer  in  BaTi03  single  crystals 
and  the  positive  and  negative  surfaces  of  gadolinium  molybdate  have  been  deter¬ 
mined  using  AES  and  ISS.  Potassium  and  fluorine  were  detected  in  BaTi03  crystals 
grown  by  the  Remeika  method.  The  ratio  of  the  AES  417  eV  to  411  eV  peaks  of  Ti 
in  BaTi03  was  stable  under  ion  and  electron  beam  irradiation.  ISS  showed  that 
the  positive  and  negative  surface  of  gadolinium  molybdate  crystals  were  chemically 
identical,  with  both  types  exhibiting  similar  variations  in  the  Gd  and  Mo  signals 
with  ion  bombardment  time.  However,  marked  differences  in  the  spectra  of  sputtered 
and  scattered  ions  from  each  type  were  observed. 
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DIRECT  METHOD  OF  MEASURING  ION  BEAM  IRRADIATED  AREAS 
A.S.  Bhalla  and  L.  Tongson 


LUMINESCENCE  OF  Tb3+  AND  Eu3+  ACTIVATED  FERROELECTRIC-FERROELASTIC 

GADOLINIUM  MOLYBDATE 

B.K.  Chandrasekhar,  A.S.  Bhalla  and  William  B.  White 
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PRIMARY  AND  SECONDARY  PYROELECTRICITY  IN  PROPER  AND  IMPROPER  FERROELECTRICS 

A.S.  Bhalla  and  L.E.  Cross 

Abstract 

Primary  and  secondary  components  of  the  total  pyroelectricity  have  been 

separated  for  a  number  of  proper  and  improper  ferroelectrics,  polar  nonferroelec- 
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tries,  and  1 1- V I  semiconductor  family  materials.  The  relation  ;/k  ^3x10 

2 

C/cm  °K  holds  for  TGS,  doped  TGS,  and  the  solid  solution  series  of  the  TGS  family. 
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PYROELECTRIC  PZT-POLYMER  COMPOSITES 
A.S.  Bhalla,  R.E.  Newnham,  L.E.  Cross  and  W.A.  Schulze 

Abstract 

PZT-Spurrs  composites  fabricated  by  the  replamine  technique  improves  the 
pyroelectric  figure  of  merit  p/e  by  a  factor  of  7  over  that  of  solid  PZT.  The 
temperature  dependence  of  the  pyroelectric  response  exhibits  an  interesting 
compensation  point  where  the  primary  and  secondary  effects  cancel  out.  At  room 
temperature  the  hard  plastic  mechanically  clamps  the  PZT,  but  at  higher  tempera¬ 
tures  the  plastic  softens.  PZT-soft  polymer  composites  showed  no  enhancement 
of  the  pyroelectric  figure  of  merit.  Major  changes  in  the  pyroelectric  response 
were  noted  when  the  sample  thickness  was  comparable  to  the  scale  of  the  composite 
heterogeneity. 
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POLAR  GLASS  CERAMICS 

A.  Halliyal,  A.S.  Bhalla,  R.E.  Newnham  and  L.E.  Cross 


Abstract 

Pyroelectric-piezoelectric  glass  ceramics  of  polar  materials  like  Li 2Si 2°5» 
Ba2TiGe20g,  Ba2TiSi'20g,  and  various  compositions  in  the  systems  Li^O-B^Og, 
Li20-SiO2-ZnO,  Li 20-Si02~B203  have  been  prepared  by  oriented  recrystallization 
of  the  glasses  under  a  strong  temperature  gradient,  providing  a  simple  inexpen¬ 
sive  process  for  preparing  piezoelectric  and  pyroelectric  materials.  High  pyro¬ 
electric  responses  were  observed  in  these  glass-ceramics.  Values  of  piezoelectric 
dgg  coefficients,  frequency  constants,  electromechanical  coupling  coefficients 
and  dielectric  properties  of  glass-ceramics  were  in  close  agreement  with  the 
values  of  respective  single  crystals. 
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PYROELECTRIC  Li‘2Si205  GLASS- CERAM  ICS 
G.J.  Gardopee,  R.E.  Newnham  and  A.S.  Shall  a 

Abstract 

Highly  oriented  surface  layers  of  lithium  disilicate  crystals  were  grown 
by  crystallizing  glasses  of  the  composition  Li^O.-SiO^.  The  thickness  of  the 
oriented  layer  was  a  function  of  the  thermal  treatment.  The  crystallites  in 
these  layers  were  oriented  with  their  c-axes  perpendicular  to  the  sample  sur¬ 
face.  These  layers  were  found  to  be  pyroelectric  as  determined  by  the  Chynoweth 
technique.  The  pyroelectric  responses  of  the  glass-ceramics  crystallized  in 
a  thermal  gradient  were  approximately  four  times  larger  than  that  of  a  touramaline 
crystal  of  similar  dimensions. 
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PYROELECTRIC  GLASS-CERAMICS 

G.J.  Gardopee,  R.E.  Newnham,  A.G.  Halliyal  and  A.S.  Bhalla 

Abstract 

Highly  oriented  surface  layers  of  lithium  disilicate  crystals  were  grown 
by  crystallizing  glasses  of  composition  LigSigOg  in  a  temperature  gradient. 

The  polar  c  axes  of  the  crystallites  were  oriented  parallel  to  the  temperature 
gradient  and  perpendicular  to  the  sample  surface.  The  pyroelectric  response 
of  the  glass-ceramic  crystallized  in  a  thermal  gradient  was  approximately 
four  times  larger  than  that  of  a  touramaline  crystal  of  similar  dimensions. 

The  time  dependence  of  the  pyroelectric  signal  obeys  the  thin-film  equivalent 
circuit  model  developed  by  Chynoweth. 
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FERROIC  CRYSTALS,  CERAMICS,  AND  COMPOSITES 
R.E.  Newnham  and  L.E.  Cross 

Abstract 

Movable  twins  or  domains  are  the  characteristic  feature  of  ferroic  crystals. 
Four  topics  of  current  interest  are  reviewed  in  this  paper:  secondary  ferroics 
(ferrobielasticity  in  quartz),  diffuse  phase  transitions  (relaxor  ferroelectric 
lead  magnesium  niobate),  composite  ferroics  (PZT-polymer  piezoelectric  devices), 
and  improper  ferroics  (magnetoferroelectricity  in  Cr^BeO^). 
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FERROIC  CRYSTALS 
R.E.  Newnham 
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